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COMMERCIAL JET TRANSPORT CRASHWORTHINESS
EDWARD WIDMAYER, JR. AND OTTO B. BRENDE
Bozing Commercial Airplane Company
1.0 SUMMARY

TLis report presents the results of a study to identify areas of research and approaches that may
resuit in improved occupant survivability and crashworthire:s of transport aircraft. This study was
jointly sponsored by National Aeronautics and Space Agency (NASA) and the Federal Avi: “ion
Administration (FAA). The thrust of the study is the definition f areas of structural crast worthiness
for transport aircraft which might form the basis for a NASA/FAA Research Program.

NASA and the FAA are planning a 10-year research and development program to improve the
* structural impact resistance of general aviation and commercial jet transport aircraft. As part of this
program parallel studies have been conducted by The Lockheed Cnlifornia Company, The Douglas
Aircraft Company, and The Boeing Commercial Airplans Company to review the accident expericnce |
of commercial transport aircraft, assess the accident perforrmance of structural compcnents and the
status of impact resistance technology, and recommend areas of research and Gevelopment for that
10-year plan. This report gives the results of the Boeing study. '




2.0 INTRCDUCTION

The scope of the study from the ccatractual statement of work is:

“A study to define approaches to improve the crashworthiaess of transport aircraft is described in
this statement of worxk. Aircraft accident data and current aircraft design practices will be used to
define a range of crash condtions that might form the basis for developing crashworthiness design
technology. In addition, analytical and/or experimental techniques .required to determine the
adequacy of crashworthy design features will be defined and the adequacy of exist \ng methods and
techniques will be evalueted. While meeting the specific objectives of this study, consideration
should be given to the increasing role advanced composite materials might play in the design of
future transports.

Resume of tasks: .

1.  Toreview and evaluate transport aircraft accident data 1o define a range of crash situations that A
may form the basis for developing improved crashworthiness design technology. '

2 Identify structural components and aircraft eystems that significantly participate in or influence
the crash dynamic behavior of an aircraft in the scenarios defined in 1.

3.  To define areas of :.seaich and approaches for improving crashworthiness.

4. To identify test techniques, test data, analytical! methods, etc. needed to evaluate the crash
dynamic response of trensport aircraft.”

BACKGROUND

Safety i8 the primary consideration in the deslgn and operation of commercial transport mrcraft
For over 40 years the FAA with its predecessor the Civil Aeronautics Administration (CAA),
NASA and its predecessor National Advisory Committee for Zeronautics (NACA), the National
Transportation Safety Board (NTSB), the airlines, unions, the manufacturers and other foreign
government agencies have contributed to the development and advancement of safety in
commercial aviation. Their efforts have resulted in the Federal Aviation Regulations (FAR) which
define the minimum standards for safety. T-heae regulations are continually reviewed to ascertain
the adequacy of the standards. This cpncern is reflected in the safety record of air carriers jet
aircraft operations over the past 20 years. Figure 2.1 shows that the accxdent rate for all types of
. accidents has declined to about 2.5 per million ‘departures. '

The continuing concern for safety at Boeing has placed an emphasis on determining the cause of

~ accidents and evaluating the crashworthiness of aircraft structure and systems. Because of this
emphasis, safety related design changes and improvements, based on operational experience and
accident data, are continually being evaluated and often mcorporated in new design mrcraft and
in-service aircraft. :

However, the initial conditions of an accident and the svhsequent responses of the aircraft are
complex phenomena and it is diffic.if to uantify the level of structural crashworthiness of a
specific design or to compare one ign to arother. For design mpmvements, the crash
environment is known only in general terms.

Current technology is based on the best available k;xowiedge obtained from accident surveys, some
complete aircraft crash tests, seadocc+pant tests, and from military and automotive programs

.........
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aimed at specific problems. Each manufacturer of aircraft has develuped empiricai engineering
practices that treat structural crashworthiness. These pmcnoes while producing good products,
are extremely limited in application.

Some analytical tools have been developed for modeling the nonlinear response of occupants in
seats and of aircraft structures. These tools have constraints due to lack of computing power and
have had limited validation and application. This in turn has limited the development of technical
approaches to crash modeling and simulation. Further, it is not established that these tools include
all the technology necessary to adequately treat the complete structural crashworthiness problem.

With regard to facilities and methods for testing for crashworthiness, some facilities are currently
available or under development. Some test methods have been developed by the FAA, NASA, and -
the U.S. Army for seats, components, and general aviation aircraft and helicopters. Full-scale
aircraft crash test methods are being extended by the FAA and NASA.

The Boeing study under this contract is limited to commercial jet transport aircraft. This is the area of
Joeing Commercial Airplane Company expertise and conforms to the company product line. [t also

.. reflects the structure of the world fleet. The world transport fleet as of 1980 consisted of 75.7% jet
aircraft, 15.7% turboprop aircraft, 8% piston engined aircraft and 0.5% helicopters. Aircraft on order are
divided 9 to 1 towards jet aircraft. This implies that the percentage of jet aircraft in the fleet will
incresse during the time frame of the potential NASA/FAA research program.

While the recommendations for research arising in this study are directed towards technology for
commercial jet transports there is an applicability to the general and private aviation sectors as well.

Development of analytical methods, test techmques and facilities also. have applicability to military
aircraft and the auwmotwe industry.

REPORT ORGANIZATION

The main sections of the report are Accident Data Review and Scenario Identification, Role of
Stractural Components in Crashworthiness, Current State of Crashworthiness Technology, and
Conclusions and Recommendations. Accident Data Review and Scenario Identification discuse
sources and selection of accidents, various categories of the data, accident scenario development,
and ranges of impect conditions for the scenarios. The Role of Siructural Components in
Crashworthiness trests the participation of structursl components, accident severity and
survivability, interaction of components, probiem areas for advanced materials in strurtural
components. The Current State of Crashworthiness Technology considers the U.S. Army's Aircraft
Crash Survival Design Guide, occupant mod:ling and human impact tolerance, structural modeling
and test technology, assesses the technology and discusses research to improve the technology.
Conclusions and Recommendations presents areas for research and development to be included in
the NASA/FAA 10-year General Aviation and Commercisl Transport Aircraft Crashworthiness. '

.......
........
...............
............




'3.0 ACCIDENT DATA REVIEW AND SCENARIO IDENTIFICATION |

A review and evaluation cf accident data has been made for the years 1959—1979 which cover the
commercial jet transpcrt worldwide operations for aircraft certified under Federal Aviation
Regulations (FAR), Part 25. The total accident base has been reviewed, and potentially survivable
accidents have been selected for further analyais.

These accidents have been categorized with respect to airplane size, configuration, crash
environment, operatxona] condition, cause of accident, m]unes structural damage, aad fire
hazard. These categories are discussed and the level of engineering data in accident reports is
assessed.

Three basic crash scenarios have been developed from the sequence of events observed in the
accidents. These scenarios have been divided further into subsets to account for variations between
accidents within a scenario. The range of initial conditions for each subset has been established.
These scenarios may serve as a starting point for research on crashworthmess but require further
rcﬁnement to ‘reflect current accident experience.

BOEING ACCIDENT FILE AND STUDY DATA BASE

The Boeing file of aircraft accidents and incidents is limited to all known commercial jet aircraft
occurrences involving worldwide aircarrier operation since 1959. For research, study, and analysis
purposes, a selected group of these accidents form a “statistical data bank” of 583 occurrences that
include all operations from 1959 through 1979. Excluded from this' statistical data bank are
occurrences that involve factors beyond the control of t.e airframe manufacturer such as
sabotage, militury action, military operations, turbulence injury, and evacuatmn injury (unlesa
caused by a ha-dware deficiency).

Accident data have been obtained from various sources. FAA/CAB reports and NTSB reports of
U.S. aircarmier accidents, have been used extensively. While the early reports (circa 1960)

contained, for the moset part, sparse details on structural factors and on the cause of -

injury/fatalities, the later reports are much more complete. Human Factors Factual Reports
prepared by the NTSB are particularly useful with respect to the sequence of events, cause of
injury/fatalities, performance of cabin interior equipment and egress factors. Containing
somewhat less data are the International Civil Aviation Organization of the United Nations
(ICAOQ) released accident reports of both U.S. and foreign aircarrier occurrences. 'Other sources of
accident information include the British Air Registration Board, Airline Pilots Association, and

. airline reports, official accident reports released by foreign governments, periodicals and

newspaper accounts, and the Boeing Company files. The Boemg data base is summarized in

_ figure 3.1.

The relationship between faulities and hull loss is shown in figure 3.2, Here it may be seen that of

the 275 hull losses, 206 involved fatalities and the three fatal injury accidents mvolved subatanual .
‘ damage to the m'cnﬂ

The percenuge of accidents by openhonal phue and by opentxonal time is shown in figure 3.3.
Considering those operational phases taking place near or on the ground, 79.3% of the accidents
occur in 18% of the operational time. Further, those accidents that occur during chmb cruise, and
" descent are generally nonsurvivable and outside the range of this study.




ot
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583 total accidents” of all types

147 involved U.S. carrier domestic operations
E . 40 involvad U.S. carrier international operations
28 involved U.S. carrier test and training operations
42 involved U.S. carrier non-scheduled and cargo operations
72 involved foreign carrier domustic operations
168 invoived foreign carrier international operations
43 involveo foreign carrier test and training operations
43 involved foreign carrier non-scheduled and cargo operations

Lt T ' - .

Of these operational accidents

: 275 resulted in huil loss

214 involved fatalities of passengers and/or crew
on boara the commercial jet aircraft.

‘. *Excludes: Note: exciudes 33 non-aperational hull losses ‘
o Turbulence (injury) : ‘ and 15 sabctage or military action hull losses.
. Emergency evacuation (injury) »

L J Sabotage

. Military, actiorvmilitary operations

,Z‘*', Figure 3.1-Accidents During. Twenty Years of Jet Operations
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STUDY DATA BASE

A study data base was formed from the accident data base. At least one of the following criteria must
exist for consideration in the study:

1.  Airframe survivable volume maintained (prior to severe fire)
2. At least one occupant did not die from trauma

3. Potential for egress present

4. Accident demonstrates structural or syetem performance

It should be noted that criterion (2)is significantly more severe than the FAR criterion (see app. D,
fig. 3.5) or NTSB definitions (see app. A) of a survivable accident. Criterion (2) does not mean that if
one survives all should survive, rather that one occupant was able to withstand this accident
environment in his immediate vicinity. This permits accidents to be considered for research definition
and-direction that are beyond the scope of current design criteria. .

Using the above criteria, about 400 accidents ‘vere selected from the tota: data base of 583. These

.400 were then subject to an in-depth review and many were eliminated from further consideration
because no injury occurred and/or the aircraft was structuraily crashworthy to that level of crash
environment. Other accidents were eliminated because the injury was due to human behavior rather
than other factors. Following this preliminary review a list of approximately 200 “candidate
accidents” was selcted for detailed review. These accidents were deemed to have the potential for
a reduction in injuries/fatalities if some increase in crashworthiness were provided, or that
demonstrated significant crash performance of the structure. For these 200 accidents, data forms
(see app. B) were completed to the extent of the available data.

Detaxled reviews of these 200 cases resulted in additional eliminations and a final list of 153
accidents for this study (see fig. 2.1). These accidents are designated as “potentially survivable”.
throughout the report. The selected list was checked against the injury and hull loss lists of the
Boeing data base to ensure completeness. Appendix C gives a list of accidents for 1980 for future
consideration.

It should be noted that the inclusion of the less severe accidents might alter any statistics derived
from the data base. Consequently, care is required in comparing the results of this study to studies
using other data bases. However, comparisons to other studies indicate that all of the known severe
potentially sumvable accidents involving commercial ]et transports have been included in the study
data base. .

The data base does not represent the complete distribution of poeeible accidents in the statistical

sense. There are probably types of accidents that might happen in the future that are not

represented. The accident data base does not represent a stationary random process. Certain types

of accidents that occurred during the jet introduction period are not seen in the mature stage. This

could have an important unpact on the selection of scenarios for future design consideration.

Evidence of this maturity is seen'in figure 2.1 by the marked decrease in the accident rate with time.
Further, care must be exercised in predictions of future occurrences from t.he past.

A summary of the selected study dats base is preaented in table 3.1. As may be seen, 87% of the
cases involve hull loss and 78% of the cases involve fatalities or serious injury, while fire occurred
in 67% of the cages. Fatalmes due to fire were present in 37% of the cases, fatalities due to trauma -




Table 3.1-Data Base Summary

Cases % .
Total accidents 153 100.0 .
Foreign 91 59.5 i
U.S. and possessions 62 40.5
Hull loss 133 87
Fatalities or serious i‘nju‘ry 119 3
Fire ' 103 67
Fire caused fatalities 57 37
.Trauma caused fatalities 55 . 36
Drowning 10 6.5
Special 4 2.6

10




were prebent in 36% of the cases, and fatalities due to drowniug were present in 6% of the cases.
The selected cases clearly represent serious accidents.

The 707 accident in Tahiti, in which there was ore survivor, has not been included in the data base

because the aircraft was not recovered and the survivor could not supply any details as to what -

happened. Four special cases are included in the data base. The first special case is the 707 in
London in 1968 where the aircraft caught fire on takeoff and made a successful landing but five
deaths occurred during evacuation due to fire. The second special case is the DC-8 at Toronto in
1970 where the aircraft was. damaged during an attempted landing and exploded during the
subsequent attempted go-around killing the 108 occupants. The third speciel case is the DC-3 in
Boston in 1973 where the aircraft struck a seawall, broke up and burned, but one passenger walked
out of the fire but died within 24 hours. The fourth special case is the 737 Madras accident on April
26, 1979, in which the detonation of an explosive device in the forward lavatory led to landing
conditions that resulted in an overrun.

The study data base is presented in table 3.2. Accidents are listed by date (month, day, year),
aircraft type, and location of the accident. Hull losa is indicated vy x with a blank indicating substantial
dama e. Number of occupants, fatalities, and serious injurie 3-are aiso shown. Flight phase (takeoff,
initia. climb, approach, landing, taxi) and the presence of fire are mdxcated

Accidents have been assessed as impact sumvable (YES) if no deaths were attributed to trauma.

Accidents heve been assessed as partially impact survivable (PAR) if some deaths were attributed to

trauma but there were some deaths attributed directly to fire related causes or there were survivors.
Those accidents in which there were some survivors but the cause of fatalities was not determined
have been labelled as undefined (UDF). :

CATEGORIZATION OF THE ACCIDENT DATA
PROBABLE CAUSE OF ACCIDENTS

The probable cause of the accidents is presented in figure 3.4. “Probable cause” is based on the
determination of the accident investigation body. For 13 accidents the cause is unknown. For 140
cases where cause has been determined, 78.6% of the cases are attributed to the cockpit crew,
11.4% to the airplane, 5% to weather, 2.2% to the airport/air traffic controller, 1.4% to
miscellaneous, 0.7% ‘o maintenance, and 0.7% to sabotage.

The aircraft was the cause of the accident in 11.4% of the cases. Landing gear systems and support
structure were involved in seven accidents. Failures involved brakes, wheels, tires, and structure.
Engine disintegration, thrust loss, and thrust reversers were involved in six accidents. Flight
instrumentation was involved ia two accidents and ground spoilers and elevator trim tab were
involved in one accident each. ,

" From these data it may be concluded that about 89% of the accidents might have been avoided by

improved pilot assistance and ground control. The most significant improvements in safety may be
obtained through accident avoidance. Such items as ground proximity warning, wind shear
detection, automated landing and navigation systems, and advanced integrated systems for pilot
assistance offer the best hope for eliminating most acciden-’.a in the “avoidable” category.

Improved ground control and reduction of hazards on and around airports is another area for
improved safety. The avoidance of collisions between aircraft and with ground vehicles should be
attainable. Reduction of hazards such as drainage ditches, poles, trees, columns, outbuildings, and
birds from airports is a matter of concern. In addition the short/overrun areas for runways could be
improved to reduce the seventy of accidents in these areas.

.........................................

.......

. .
et T e e .

------
,,,,,,,




101959
082759
02260
0711R1
011961
061561
122161
092461
092761
072761
060362
082062
070363
031864
040764
112364
032264
050265
070165
110865
111165
091365
022765
070466
082666
030466
063066
122466
021566
110667
112067
030567
063067
092967
110567
122768
© 032868
061368
060368
032168
020768
021668
040868
042068
080268
011469
101669
010569
011369
092169
091269

Table 3.2-Study Data Base.

707 0SO, WASHINGTON
CMT ASCUNCION

CMT BUENOS AIRES
DCR DENVER

0C8 JFK

707 LISBON
CMT ANKARA
720 BOSTON
CVL BRASSILA

-707 HAMBURG

707 PARIS, ORLY
DC8 RIO DE JANIERO
CVL CORDOBA, ARGENTINA
BAC WISLEY, ENG.
707 JFK

707 ROME

CKT SINGAPORE

720 CAIRO

707 KANSAS CITY
727 CINCINNATI

727 SALT LAKE CITY
880 KANSAS CITY
880 IKI IS., JAPAN
DC8 AUCKLAND

880 TOKYO

DC8 TOKYO

TRI KUWAIT

DC8 MEXICO CITY
CVL NEW DELHI

707 CINCINNATI

880 CINCINNATI

DC8 MONROVIA

CVL HONG KONG

CMT ROME

880 HONG KONG

DCY SIOUX CITY

DC8 ATLANTIC CITY
707 - CALCUTTA

727 JFK

727 CHICAGO

707 VANCOUVER, B.C.
727 TAIPEI

707 LONDON

707 WINDHOEK

DC8 MILAN

BAC MILAN

DC8 STOCKTON, CA.
727 LONDON GATWICK
DC8 LOS ANGELES
727 MEXICO CITY
BAC MANILA -
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APP UDF
LG FIRE YES
LDG FIRE YES
T0 FIRE PAR
LDG FIRE YES
CLI FIRE UDF
LDG YES
LDG FIRE UDF
T0 FIRE YES
T0 FIRE UDF
10 YES
APP FIRE YES
L0G YES
LDG YES
T0 FIRE YES
LDG FIRE YES

o

(=]

LbG . YES
APP FIRE PAR
LDG FIRE YES
CLI FIRE YES
LDG FIRE YES
TO FIRE ?AR
T0 FIRE YES
' APP FIRE UDF
AppP YES
APP FIRE YES
APP FIRE YES
TO FIRE PAR
APP FIRE PAR
APP FIRE UDF
AP + YES
LDG YES
T0 YES
T0 . YES
LDG FIRE YES
APP FIRE YES
LDG UDF
TO FIRE YES
LDG - PAR
42 APP FIRE UDF
? CLI FIRE YES

o

WN e

5 CLI FIRE PAR’

? APP FIRE YES
0 T0 YES
0 LDG FIRE YES
14 APP FIRE PAR
17 APP YES
78 APP PAR
2 APP FIRE PAR

WAT

WAT

WAT

APP FIRE UDF

WAT
WAT

WAT
WAT



Table 3.2-Study Data Base (Continued)
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S IFSF ¢ &8
S ST Y & & §F
, NR74RO §RO MOSES LAKE X 53 2 CLI FIRE YES
021170 707 STOCKTON, CA 0 1 LDG YES
‘ © 071970 737 PHILADELPHIA’ X 620 1 ToO YES
09n870 DCO. LOUISVILLE 94 0 O LDG FIRE YIS
122870 727.ST.. THOMAS 55 2 11 LDG FIRE YES
080870 990 ACAPULCO 80 8 LDG FIRE YES
112770 D8 ANCHORAGE 229 47 47 T0 FIRE YES-
072770 DC8 NAHA, OKINAWA 44 0 APP PAR WAT
020970 CMT MUNICH- i 230 O TO FIRE YES
. 033170 CVL CASABLANCA 82 61 21 APP FIRE UDF
..050270 DC9 ST. CROIX, V.I. 63 25 25 LDG PAR WAT
070570 DC8 TORONTO 108 108 0 LDG FIRE YES

156 0
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x
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091570 DC8 JFK
010570 990 STOCKHOLM
- 071970 BAC GERONA, SPAIN

- 120770 BAC CONSTANA APP  ~  UDF

- 113070 707 TEL AVIV 30 T0 FIRE YES
© 012371 707 BOMBAY 50 TO FIRE YES
090671 8AC HAMBURG 121 22 . FIRE UDF
121571 707 URUNCHI, CHINA 30 LDG YES

<10 0
120 0

LDG FIRE YES
LDG FIRE YES

051872 DC9 FT. LAUDERDALE
092472 DC8 BOMBAY
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120872 737 CHICAGO MIDWAY' 61 43 12 APP FIRE PAR
© 121572 747 MIAMI 160 0 DG YES
122072 DC9 CHICAGO O'HARE 45 10 9 TO FIRE YES
122972 L10 MIAMI 176 99 60 APP FIRE NO WAT
M 2172 DCY ADANA 5.1 ? APP FIRE UDF
N41772 VvC1 ADDIS ARABA 107 43 ? 70 FIRE UDF
081372 707 JFK 186 0 0 TO FIRE YES
112872 DC8 MOSCOW, USSR X 76 61 15 CLI FIRE UDF
122372 F28 0SLO X 45 40 ? APP FIRE UDF
. 122872 F28 BOLBAD, SPAIN. X 40 4 LDG YES
030573 707 DENVER , 3O 0 TO FIRE YES
- 073173 '0C9 30STON, MASS, X 89 89 0 APP FIRE PAR
112773 DC9 CHATTANOOGA - X 770 5 'APP FIRE YES
112773 DC9 AKRON, OHIO X 260 16 LDG YES
012273 ‘707 KHANO, NIGERIA X 202 172 2 LDG FIRE YES
053173 737 NEW OELH! X 6552 7 APP FIRE YES
- 060973 707 RIO DE JANEIRO - X 42 0 APP PAR WAT
102873 737 GREENSBCRO 9% 0 O LDG FIRE YES
‘061673 707 BUENOS AIRES . 86 0 O LDG FIRE YES
062373 0C8 JFK 128 0 8 LDG FIRE YES
121773 DC9 GREENSBORO ' 91'0 0 TO FIRE YES
121773 DC1 BOSTON "X 1510 3 LDG FIRE YES
121973 707 NEW DELMI X109 0 3 LDG FIRE YES
122373 CVL MANAUS, BRAZIL X 570 1 LDG YES
© 011674 707 LOS ANGELES X 630 3 LDG FIRE YES
011374 707 PAGO PAGO, AM, SAMOA X 101 97 5 APP FIRE YES
091174 DC9 CHARLOTTE, N.C. X 8271 10 APP FIRE PAR

091174 727 PORTO ALEGRE,BRAZ2IL 740 0, LDG YES
010174 F28 TURIN, ITALY . X 42 38 4 APP FIRE UDF

......
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n10274
031574
112074
020975
033175
062475
080775
092475
111275
111275
111575
121675
010276
040576
042276
042776
062376
121676
111676
030477
031777
032777
032777
040477
092777
100277
111977
112177
121877
041877
111777
021178
030178
030378
040278
040478
050878

' 052578

062678
070978
103179
111578
121778
122378
122978
032578

" 020979

021979
031479
042579
100779

. a, -
'''''''

F28
cvL
747
BAC
737
727
727
F28
727
0Cl
F28
747
DCl
727
720
727
DC9
380
DC9
DCs
707
747
747
0C9
nCc8
ncR
727
BAC
cvL
0c8
747
737
0C1
0C8
737
737
727
880
DC9
BAC
DCl
oCcs8
737
DC9
DC8
720
DC9
707
727
737
nca

Table 3.2-Study Data Base ,..oncluded)

1IMIR, TURKEY
TEHRAN, IRAN
NAIROBI, KENYA
LAKE TAHOE
CASPER, WYO,

JFK

DENVER

PALEMBANG
RALEIGH, N.C.
JFK

NR. BUENOS AIRES
ANCHORAGE
ISTANBUL
KETCHIKAN
BARRANQUILLA, COL.
ST. THOMAS, V.I.
PHILADELPHIA
MIAMI

DENVER

NIAMEY, NIGER
PRESTWICK
TENERIFE
TENERIFE

NEW HOPE, GA.
KUALA LUMPUR
SHANNON

MADE IRA
BARILOCHE, ARG.
MADE IRA ‘
TOKYO

JFK

CRANBROOK, B.C.
LOS ANGELES
SANTIAGO DE COMPO.
SAO PAULO ,
CHARLROI, BELGIUM
PENSACOLA

MIAMI

TORONTO
ROCHESTER

MEXICO CITY . -
COLUMBO, SRI LANKA
HYDERABAD, INDIA
PALERMO, ITALY
PORTLAND, OREGON
LGNDON

MIAMI

ST. LUCIA

DOHA, QATAR
MADRAS -

ATHENS

el

C 2C PC I D BC B D I B D 2 B 3 FC D I D DC 2 3¢ 3¢ > I< 3 3

&
o~
A, Le)
§¢ &
L & &
o N $
e & & N
oSS o &F
SFFTLF & & &S
X 7265 7 CLI FIRE UDF
X 96 15 7?7 TAX FIRE YES
X 157 59 44 CLI FIRE PAR
X 40 0 TO YES
X 90 1 -LDG YES
X 124 112 12 APP FIRE PAR
X134 0 15 CLI YES
X 62 25 ? LG FIRE UDF
1390 1 AprP YES
X139 0 2 T0 FIRE YES
X 66U 0O APP YES
1210 2 TAX YES
273 0 1 LDG FIRE YES
57 1 32 LDG FIRE YES
40 1 APP FIRE YES
88 37 19 LDG FIRE PAR
105 0 . 36 LDG YES
301 710 YES
850 2 TO FIRE YES
42 2 .PP FIRE YES
40 0 7TC FIRE YES
396 334 62 TAX FIRE PAR
246 246 0 TO FIRE YES
85 62 22 APP FIRE PAR
79 34 7 APP FIRC UDF.
269 0 1 TO FIRE YES
164 128 36 LDG FIRE PAR WAT
79.45 34 APP UDF -
57 36 13 LDG YES WAT
1400 o0 TO YES
30 0 LDG YES
49 42 5 LCG FIRE PAR
197 2 . 31 TO FIRE YES
222 0 52 LDG YES
420 O LDG FIRE YES
30 O LDG FIRE YES
583 11 APP YES WAT
60 0 T0 YES
1072 1?2 710 " PAR
770 1 LDG YES
X 87 70 17 LDG FIRE UOF
Y259 1957 APP FIRE UDF
X126 1 4 TD FIRE YES
X 129 108 ? LDG = UDF WAT
X 186 10 23 App PAR
820 ? LDG YES
X 50 1 CLI YES
1700, 0 ApPP YES
X 64 45 15 APP FIRE PAR
X 670 8 LDG FIRE YES
X 154 14 0 'DG FIRE YES
PRI s LIRS ‘-..’r.‘ e




Saelec’ed impact survivable accidents
all operation 1959-1979 world wide air carriers

o
5%
‘E’ =] Percent of acciderits with known causes
0 [
Probable cause 2 9 10 . 20 30 40 50 60 70 80 % 100
Cockpit crew
Airplane
Weather
‘Airpon/Atc.
Misc.
Maint.
Sébo:age 1 i 0.7%
Total 140
Unknown 13
Total 153
Figure 3.4-Probable Cavse of Accidents
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AIRCF AFT SIZE

Accident cases were categorized with respect to size as measured by gross weight. The 737, L.C-S,
Comet IV, BAC-111, Trident, F28 and Caravelle form a short haul group up to 72.5 tonnes. The
120, 727, 880, and 990 are included in the 72.5 to 113 tonnes ghort haul group. The 707 and the
DC-8 are in the 113 to 158 tonnes narrow-body long haul group. Wide-body aircraft such as the
L-1011, DC-10, and the 747 are in the over 158-tonne wide-body long haul group.

Referring to figure 3.5, it may be seen that each size group is represented in the data base. Smaller
short haul aircraft constitute approximately 40% of the cases, larger short haul group approximately 20%

- of the cases, narrow-body long haul group appronmately 35% and wide-body long haul aircraft
approximately 5%.

of particular interest is the effect of size on aircraft crash performance gud survivability. Considering
the effects of scale as in dynamic modeling, it might be expected that larger aircraft would fare better
than smaller aircraft if the crash environment is not scaled up. Further, the individual occupant does

. not scale up, but becomes relatively smaller in the larger aircraft vith a corresponding improvement
in his survival prospects. For instance, fuselage structural elements such as frames and stringers are
stronger in an absolute sense and offer greater energy absorbing capability for larger commercial jet
aircraft than for smalier prereller-driven aircraft. This featw.e nr: vides an inherent crashworthiness to
the ]et as ccmpared to the propeller aircraft.

A qualitative aseessment of the accident data seems to indicate that relative size within the jet group
has only minor effects on the crash performance of commercial jet transports. In general, it takes a
larger tree, a larger house, and a deeper or wider ditch to do equivalent damage to & large aircraft.
Since no two accidents are identical, an accurate comparison of damuge between a large and small
jet airframe cannot be made.

There is some mdication that there may be some effect of size between some smaller propeller- ,
driven transport aircraft and the current jet fleet. Three accidenta not included in the study data base
were reviewed that involve high wing propeller-driven aircraft of one generic type. In these accidents
the seat response was different from that observed in survivable jet aircraft accidents in that many
seats separated. Further, there were instances of seat “stacking” in the forward fuselage and seat
ejertion on a large scale. These propeller-driven aircraft while smaller than the jet aircraft were
certified to the FAR 9 g longitudinal deceleration requirement. But, because of dimensional and
structural arrangement differences these smaller aircraft present a higher impedance to the seats
than do the larger jet aircraft. This may account for the d*fferent seat crash response as seen by the
two types of aircraft.

' AIRCRAI“T CONFIGURATION -

Aocndent cases were categorized with respect to configuration. Emphasm was placed on differences
between aircraft types and service uses. The aircraft fuselage internal configuration was classified
according to type of service, i.e. passenge: or nonpassenger. Also in the internal fuselage
configuration is the presence of body fuel cells and body fuel lines. The external configuration
differerces are related.to fuselage width, engine placement, landing rear, and fuel cells.

Referﬁng to figure 3.5, it may be seen that approximately 20% imlolve nonpassenger service,
Nonpassenger service was further divided into cargo, training, and positioning flihts.

Regarding cargo service, a review of the accident data shows some cases where cargo shift during
the accident increased the hazard to the flight crew. A notable instance is the Miami 880 accident on
December 16, 1976 wbere cattle pens broke loose dunng an overrun and blocked the
cockpit door.
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Percent of total (153 accidents)
i 10. 20 30 40 50 60 710 -~ 80
L

1 ! 1 | i 1

90
1

v ud

S 1. A/C size - gross weight
3 . up to 72.5
7251t 113
113 to 158
158 and over

2. A/C configuration
. Type service - pass.
> -Non-pass.
N “——
' ) Cargo Train Pgosition
Engine Loc.

: -Wing pod
3 Aft Body
: Wing and A. Body

‘ i Fuselage width
: . -Wide body
) -Narrow body

Uncertain
an———

9 Ty'pes of injuries
Fatal - Trauma
~-Fire/smoke

‘ -Drowning Uncertain
Serious -Trauma

-Fire/smoke

4. Structural damage
' Engine separation
" Gear collapse:sap 'P«
Wing box break Fj
Fuselage break

Water impact
~ ditching break-up

Door. hatch T —
filoor damage . ,

fiqure 3.5-Accident Data Categories

AN )

.
.....




Percent of totat (153 accidents)
40 50 60 70

5. Fire Hazzd
-Fuel spill - tk. rupt. .

Fuel spill - Eng. sép.

- Tk. vent

-Body fuel line

Lwr body ~ N. gear coll.
Friction caused

6. Crash environment
Rough terrain
Smooth sofi terrain
Smooth hard terrain
Obstruction - columnar
Obstruction - impaling
Obstruction - buildings

Obstruction ~ ditches, -

roads - banks
Water at T.O. and Idgs.

‘Water ~ ditching or
landing attitude
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Figure 3.5 ~ Accident Data Catagories (Concluded)
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" Training accidents most frequently involve engine-out takeoff attempts. These accidents involve

extreme yaw and roll angles with ground strikes of wings, engines cr aft fuselage. Some accidents
involve touch-and-go landing practice. .

The principal variation in structural configuration is in placement of engines, Approximately 60% of the
accidents involve aircraft with wing mounted engines and 37% involve aft mounted engines, while 3%
involve wing and aft body mounted engines. The aft mounted engines only separated from the
aircraft due to high acceleration loading, while the wing/pylon mounted engines separated both from
high accelerations and from contact with external objects. The Comet IV has engines mounted
internally in the wings which contained the engines in a crash. '

Engine placement was observed to affect the fire hazard. Associated with the aft body location is the
breaking of engine fuel lines and also of body fuel lines. The wing pylon mounted location had in
addition to fuel line breaks, the rupturing of wing fuel tanks due to pylon/engine separation. Fires
occurred in engines internally mounted in the wing

The wide-body long haul aircraft have main body landing gear in addition to the wing mounted gear
Here the crash response was to transfer high impact loads to the fuselage structure.

With regnrd to fuel cells, the Comet IV has wing pod tanks. These tanks have separated due to high
accelerations and have contacted extaemal objects. The associated fire hazard was
tank rupture. v

- TYPES OF INJURIES

The data base contains 119 accidents or 67% involving fatalities and/or serious injury. For this
study the NTSB definitions (see app. A) have been extended further to identify the cause of the
fatality/injury. Trauma is taken to mean that the fatality/injury is caused by mechanical forces
such as inertia forces resulting from high accelerations or from impact with the surrounding
structure. Fire/amoke is assigned to thoee.fatalities/injuries that result from burns, inhalation of
hot gases, smoke or noxious fumes. In some cases, passengers are presumed to have received
trauma injuries that prevented or slowed down their egress and as a result they died of smoke or
flames. For thoee accidents where the aircraft stopped in water, fatalities due to drowning are
identified. No attempt has been made to identify injuries (chemical burns) due to contact with raw
fuel although some instances have occurred in both land and water accidenta.

. » Refernng to figure 3.5, it may be seen that approximately 35% of the accidents involve fahahtJee due bo

trauma, 37% involve fire/smoke, and 6% involve drowning. With respect to the serious injuries, 60%
involve trauma, and 30% involve fire/smoke. It should be noted that some accidents may involve
combinations of the above causes- of injury. o

OPERATIONAL PHASE

Five opentioﬁal phasee were used for grouping the accidents. These are ul{eoff , climb, approach,

‘landing, and taxi. Referring to figure 3.5, it may be seen that takeoff involved 22.5%, climb
involved 7.9%, approach involved 30.5%, landing mvolvod 37.1% and taxi mvolved 2.0% of the

accident cases.

The groupings by operstional phase are given in table 3.3 with a brief description of the accident.
From these data, the complexity of the accidents may be observed. While frequently there are
common factors between nccldenu when the details are considered each accident is a
npmu event. :
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STRUCTURAL DAMAGE

The accident data base contains 133 cases involving hull loss and 20 cases involving substantial
damage. There are 103 cases in which fire was prosent. In appronmately 90% of these cases the
aircraft was a hull loss.

Referring to figure 3.5, it may be seen that engine separation occurred in 55%, landing gear
collapse or separation occurred in 65%, wing boxz breaks occurred in 45%, fuselage breaks occurred
in 48%, and water ditching impact breakup occurred in 3% of the accidents. The separation of an
engine and the breaking of a wing box imply fuel spills. In some instances a fuselage break in an
aircraft with aft mounted engines also cavsed a fuel spill. Water ditching impact breakup is
considered separately from fuselage breaks because in general the forces involved are different.

FIRE HAZARD

Fire was present in 103 accidents. In 95 of these cases the aircraft was a hull loss and in the others
the aircraft suffered substantial damage. In addition, there were 22 accidents in which a fuel spill
occurred but for which there was no fire. Some of these involved situations where the aircraft came
to rest in water or whcre the climatic conditions, such as low temperature, precluded the
vaporization of fuel or wheré terrain drained the fuel away from the aircraft, except for these
circumstances, those cases might also involve fire casualties or further aircraft damage.

Containment of fuel, spread/scatter of fuel, and ignition of fuel constitute major areas of study for
improving survivability in jet transport accidents. Ignition sources are usually present in aircraft
crashes. Landing gear failure usually produces showers of sparks due to friction of structure rubbing
the ground. Hot sections of engines also provide an ignition source. Electrical arcing may occur
when the electrical compartment is penetrated or wheb electric wiring is severed as in the instance
of engine/pylon separation.

CRASH ENVIRONMENT

In crashes, aircraft encounter a variety of hazards. These hazards consititute a hostile environment.
Ir. an attempt to classify this environment hazards have been divided into three general categories:
terrain, water, and obstructions.

Terrain may be furt.her‘separated into hazards relating to surface bearing capacity, contours and
ground plane for contact by the aircraft. The characteristics of water are depth and sea state.
Obestructions are divided into four groups, based roughly on the manner in whirch aircraft receives
crash loads. These grnups are columnar, impaling, frontal, and other.

_The hostile environment is shown in figure 3.6. Examples of types of hazards that have been

encountered in accidents in the data base are shown in parenthesis. In simple accidents, one hazard
may be encountered. More complex accidents may involve several hazards encountered in various
sequences, '

' _COMMENTS ON ACCIDENT DATA

Some comments on the content of engineering data relevant to at.ructural crashworthmess available
in accident reports are in order. In general, the content of engineering data has increased over the
years as the awareness of crmhworthmess increased. However, data content has tended to lag
behmd the technology.
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Fire was present in 103 accidents. In 95 of these cases the aircraft was a hull loss and in the others
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vaporization of fuel or where terrain drained the fuel away from the aircraft, except for these
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the ground. Hot sections of engines also provide an ignition source. Electrical arcing may occur
when the electrical compartment is penetrated or when electric wiring is severed as in the instance
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In crashes, aircraft encounter a variety of hazards. These hazards consititute a hostile environment.
In an attempt to classify this environment hazards have been divided into three general categories:
terrain, water, and obstructions.

Terrain may be further separated into hazards relating to surface bearing capacity, contours and
ground plane for contact by the aircraft. The characteristics of water are depth and sea state.
Obstructions are divided into four groups, based roughly on the manner in which aircraft receives
crash loads. These groupa are columnar, impaling, frontal, and other. |

The hostile environment is shown in figure 3.6. Examples of types of hazards thet.have been
encountered in accidents in the data base are shown in parenthesis. In simple accidents, one hazard
. may be encountered. More complex accidents may involve several hazards encountcred in various
sequences. . :

COMMENTS ON ACCIDENT DATA

Some comments on the content of engineering data relevant to structural crashworthiness available
in accident reports are in order. In general, the content of engineering data has increased over the
yeurs as the awareness of crashworthmess increased. However, data content has tended to lag
behind the technology.
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NTSB reports with accident dockets contain much valuable data. Unfortunately, due to an executive
order, accidents over five years old, are being deleted from their archives. Further, investigators ere
leaving government serviece through retirement, transfer, etc. making it difficult to recover data on
older accidents. The NTSB should declare accidents having technical value as “classies” and
preserve these dockets indefinitely.

One observation on accident reports is that it is difficult to simply differentiate accident severity
between cases from the text. It is often necessary to delve through the structures and human fac-
tors reports in the dockets to make this distinction. Use of the severity index developed in the part
of section 4.0 titled, Accident Severity and Survivability, of this report would help to resolve this
difficulty. This index could be exterded to cover fire hazard.

With due regard for the availability of data at the scene of the accideat, it is felt that participation of
structural subsystems reported may be influenced by the anticipations of the investigator. For
instance, where fuselage breaks have occurred it may he usual for ceiling panels, sidewalls and
overhead storage to be disrupted. Therefore, these items may not be mentioned in the reports.
Sources and sizes of fuel spills could be better reported.

With the advent of better simulation techniques more accurate data on impact conditions, surface
conditions, slide out dxstances hazard definition. etc., will be useful in upgrading crashwort}uness
technology. Contmued emphasis on the definition of injury mechanisms is needed.

Many forexgn accident reports are quite thorough in the coverage of accidents while others simply
report the barest details. More cooperation and assistance through ICAO or directly with the foreign
agencies might upgrade these reports. ,

Finally, the availability of a team of crashworthy specialists dvawn from NASA and the FAA to assist.
the investigating authontxes may prove useful. The NTSB, FAA, and NASA should consider this
opnon .

CRASH SCENARIOS

Scenarios to identify a general sequence of crash events or conditions that produce: the failure
mechanisms of the awrcraft structure and the injury mechanisms for the aircraft occupant-have been
developed. Scenarios for the complete aircraft are necessary where there is significant interaction
between constituent elements of the aircraft, where the sequence of damage is important to the
crash response, and to establish initial conditions for the study of isolated components.

The underlying philosophy for scenario development was, first, the scenarios must produce the
failure mechanisms of the structure and the injury mechanisms for the occupants. Second, the
scenarios should encompass available accident experience. Third, the scenarios should assist in the
identification of crash technology requirements and allow study of the crash phenomena.

SCENARIO DEVELOPMENT

The uutxal phase in the development of crash scenarios consisted of review and study of historical ‘

accident date to identify and define broad categones of occurrence relative to structural break-up
and injury factors. Structural failure mechanisms were identified and are listed in table 3.4. Types of
injuries were 1dent.xﬁed and are listed in table 3.5. The data extraction form is given in

~ appendix B.

After an analysis of the structural and i injury mechamsms. three basic scenarios evolved. These are
“Air to Surface”, “Surface to Surface and “F lxght Into Obstrucnou




Table 3.4-Failure Mechanisms

® Fuselage

Crush (axial & vert)
Bending breaks

Local deformations
Tangential damage

° Géar
Separation
Coliapse

° Hatch/door/ﬂoc.-

Distortion
Destruction
Separation

L Belts/haméss

& Wing

Breaks
Wing bex destruction
'Distortion

® Engines/pylons

Separation

® Seats

Separalion
Distortion
Rupture

® Interiors

Galley/dividers separation - spillage

Rupture Compartment separation - spillage
Ejection Panel dislodgement :
Table 3. 5—lh/ury Types
eTrauma

‘Head  Fracture, concussion .

Neck Fracture

Chest  Crush, rib fracture
Spine  Fracture

Limbs Fracture, amputation

® Drowning

® Fire/smoka/noxious gases

'

Burns ,
Vascular damag
Asphyxiation
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BASIC € :NARIO — AIR TO SURFACE

This scenano considers those accidents in which the aircraft impacts a level surface from the air. The
accident is characterized by high sink rates. The crash variables are shown in table 3.5.

Aircraft configuration may have individual landing gear up or down. Aircraft wexght variables are the
fuselage weight distribution and tue fuel load distribution.

Aircraft initial conditions are three components of linear and angular velocity, and three components
relating the aircraft orientation relative to the surface. Aerodynamic loads may be significant for those
cases where the ‘orward velocity is greater than Vg (stall).

Surface loads are due to the resistance of the surface. For land, this may vary from soft mud to
runwey hardness, while for water, loads are influenced by sea state und are in accordance with the
laws of hydrodynamics. Surface load charactenshcs may vary as the aircraft progresses through the
accident.

Following initial impact, subsequent Liazards may be encountered. For simplification, obstructions
are separated into three types; columna repressnting trees, poles, and towers that resist me .ion in
the x and y direction and are local; the ditch or hump representing vertical terrain changes or the
form Ao (1- cos XL) and may be local or apply to broad sections of the aircraft, and the step
function which forms a vertical boundary representing walls, bmldmgs vehicies, and other
obstructions. '

These obstructions may be symmetrically or asymetrically located and may be applied to landing
gear, engi .25, wings, and fuselage separately or in combination.

BASIC SCENARIO — SURFACE TO SURFACE

This stenario considers those accidents in which the aircraft on the ground encounters
obstructions. T?*» accident is characterized by horizontal motion into the hazard. As such it treats
cases of hitting vehicles, buildings, soft earth, ditches or humps, entering water, and sliding
contact with the surface. Accident variables are similar to those described for the Air to Surface
scenario with values appropriate to the accident conditions.

BASIC SCENARIO — FLIGHT INTO OBSTRUCTION

This scenario considers those accidents in which the aircraft flies into obstructions. The accident is
characterized by high kinetic energy and by the location and direction of the impact loads. Further
thes2 accidents, tend to be complex, encountenng a sequence of obstructions,

' SCENARIO SUBSETS

The basic scenarios are divided furthe; into subsets. The Air to Surface set has 4 subsets as follows: -

. 810:  no further definition ' 2)
S11: impact on other than gear (13)
S12: impact on gear a 31)

S13:  impact in water N

ot




Table 3.6-Crash Variables

2/ connguration

i dividual gear: Up/down

V-eight dist.: ' Fuselage
Fuel
A:C initial conditions: - XDOT, YDOT, ZDOT - Coord system
) Phi, THETA, PSI aligned with inertial
PHIDOT, THEDOT, PSIDOT { reference frame
Aerodynamic loads: Lift distribution
Surface loads: (Earth/water):

Spring rate (may be distnbuted in space)
Friction coefficient
Silope of surface

Subsequent hazards (not always encounteréd)

Columns
Ditch or hump Ao (1 -cos XL)
' F =.Z0(8)
Step function =1 F=-20
=0 F=0

Hazards may be Symmetric or assymmetric

Applied to gui, engine, wing, fuselage
separately or in combination -

30




The Surface to Surface set has 5 subsets as follows:

S20:  hard ground or on runway (2)

S21:  soft surface (13)
S22:  low obetruction (35)
S23:  high obstruction 9)
S24: slide/roll into water 2)

The flight into obstructions set has 4 subsets as follows:

S31: wing low (8)
S§32: impact column (16)
S33: impact solid wall 3)
S34: impact high obstruction 3)

The accidents have been grouped by basic scenario and by subeet in table 3.7. A fourth category
(S4) contains nine accidents. For theee accidents there was insufficient information in the files about
the accident for scenario classification or the accident wes of a peculiar nature such as the DC-8 in

Shannon or the 707 in London. However, the consequences of these accidents warrant their
retention in the data base.

In some instances, it was dif ficult to place an accident in one basic scenario rather than another. This

is due in part to the complexity of some of the cases and in part to the psucity of the available
accident descriptions. Effort should be made to sharpen the distinction between the existing sets
and to clarify the subsets from future accidents. In addition some provision should be made for
inclusion of a fuel spill factor in the subsets.

Finally, classifications have been based on history. Types of new accidents coming into the data
base should have a significantly different distribution from thcse of the first 20 years. This
distribution might be expected to be strongly affected by improvements in accident avoidance
techniques and be reduction of hazards on and around airports. Development of fire suppresaing fuel
additives could not only alter the distribution of accidents among scenarios but could change the
significance of structural component participation in accidents. If a less severe impact survivability
criterion were applied to the data base, some subsets \~isht be eliminated and the distribution of
accidents by subset might be modified. Consequently, the scensrios should be ~eviewed at intervals

to ensure their continuing applicability. Further, the scenarios should reﬂect current behavior rather
than that dnwn from the complete history.

CATEGORIZATION OF CRASH lMPACT CONDITIONS FOR CRASH SCENARIOS

An uoeumentoft.bemdenu with respect to the initial conditions has been made. It should be
noted that accidents in the data base are potentially impect survivable and that inherent structural
capability of the airframe already provides a high level of safety. Consequently, for many accident
types the areas of interest for impact research lie st the extreme limita of observed conditions or

beyond. For other accidents the severity of the accidents was more a function of hazards '
' encountered and somewhat mdependent of the normal initial conditions,

Crashes on npprooch usually occur becsuse the aircraft is not where the pilot t.!nnh itis. Forwud
speed of the aircraft is hetween the speed for flap deployment (VF) and stall (Vg). The rate of
descent is between 0 and 2400 ft/min. If defensive action (flare) is taken, say to avoid ground
contact, even a slight climb may be achieved. However, for research purposes, the lower limit of
zero may suffice. The angle of the aircraft relative to the ground is dependent on the slope of the
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Table 3.7-Crash Scengn’os {Continued)

lSURFACE TO SURFACE

{a} = Hard ground or runway
. ' , (b}  Soft surface
SURFACE TO SURFACE ’ (c) Low.obstruction
- N Ch (d) High obstruction
Fs &F (8)  Slide/roll into water
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Table 3.7-Crash Scenarios (Concluded)

FLIGHT INTO OBSTRUCTION

a)  Wing low
)  Impact column
c; impact solid wall

FLIGHT IATO CBSTRUCTION d)  Impact high obstruction
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ground and the attitude of the aircraft. An aircraft attitude of -5° was obeerved in the 727 Cincinnati
accident whex< a 9° ground slope was encountered. The upper limit is the angle at stall speed as in
the 737 accident at the Chicago-Midway airport. The aircraft groes wexght. is, weight at takeoff less
weight of fuel burned.

For landing accidents, forward speed may be above the prescribed landing speed or at stall speed.

Instances of higher speeds generally resulted in overruns. Forward speed at onset of overrun. is
usually less than the prescribed landing speed due to pilot deceleration measures. Angle of
incidence is between 2.5° nose down to the nose up stall angle. Rate of descent is between 0 and
2400 ft/min.

The forward speed in taxi accidents is less than 60 kts. Takeoff accidents involve forward speeds of
up to rotation speed (VR) for both overrun, veer-off of runway, and contact with obstructions on
the runway. Aircraft gross weight ranges up to maximum takeoff gross weight. Aircraft attitude is
essentially wings level and zero incidence.

Accidents for initial climb invoive loss or reduction in power and/or wing stall. Forward speed range is
from VR to V. These accidents may involve impacts where the aircraft is tail-down or wing low, or
large angles of yaw and roll or a combination of the above. Rate of descent might be expected to be
in the range of that for a hard landing, i.e., 0 to 2400 ft/min.

It should be noted that the accident data reports do not contain sufficient identification of conditions
at the onset of the crash to be more precise. Techniques are being developed by NASA Ames that
could better define these initial conditions where data from the Flight Data Recorder and from the Air
Traffic Controller radar is used. However, to date no program to establish these values exists.

Further, effects of last second evasive actions by the flight crew and influence of terrain features on
“effective” impact conditions must be included for purpoees of simuiating the crash. Flight crew
actions may be obtained from further development of the Ames technology.

Value lumtl of initial conditions observed for each subset scenario are shown in table 3.8. These

values may be used to give approximate ranges of crash initial condmonn for the scenarioe
for research.

L




- St 0 - - £e - 1) SA | w01390435Qq0 ybiH  1pES
- - st 0 - - ?;8- - JA SA Ltem pLios  Cges
- - 61 0 - - 2 - JA SA wnjo) 1oedw] :2€S
S . *39013590 03Ul -31J
{{eMR3S 0} °*13A .
{ew.aou 3A13233)9 St 0 0 - 0 sa 0 Som 0% | 4310m OJUL APLLS  192S
uo3sog 6-30 (21 _ : .
axe] sasow 088 (11 - 0 - 0 - 0 - -] - | vo13dnaysq0 ubin  :r2S
yoouqueay /gL (0T, ‘ . : . - )
tweiW 11017 (6 :mf, 0 - 0 - 0 - 0 WA 32- uo13ONAISQY Mo 222§
Suoy buoH 088 (8 .
K34 sesuey £0L - 0 - 0 - 0 - 0 ?.oZ o9 3deyang 3405 128
sewoyy *3S £2L (1 : ‘
abeJoyouy ¢p¢ (9 - 0 - 0 - 0 (v SA o1l ‘pa9 paeH  102S
A140 L0¢ (S :
di7 buim d00a0g 0} e uNng
aJodebuis 4D (¢ . . )
03u040) 630 (£ - - s 0 - 0 £t Sa L SA 49108 Uy o0l ¢S
vyog z2L (2 .
t3euuLIuL) 088 (1 - - sl :..f- - 0 pnoo 4A :.s 409y WO IIPO0W] g4y
paadg uoysydag = (A
paads uoi,e30Yy = ¥4 - - ¢ 5- - 0] (2™ S0 | (ol SA 4239 ueyy
paadsg dej4 = JA ) 43y3Q edwl G 1IS
)33dg yuyS ubysag = ¢ ’ :
paads |1®3S = 3A 930 930 930 sdj SVIX 0JInS 03 2}y
S3)0N J3ddn *aMy 1 a9dap am] | aaddy — Tam7 | aaddp *amy [ Jaddn tam
meA Yd31d 110y “{3A {PWJON LY

SUOHIPUOD [BAIU; JO SHWI BNIBA-G'E 8(qe

-




4.0 ROLE OF STRUCTURAL COMPONENTS IN CRASHWORTHINESS

In this section the structural components that significantly participate in or influence the crash
dynamic behavior are studied. Aircraft structural components that participate and their role in
crashes are identified from the accident data. This participation is summarized.

A matrix relating the participation of structural systems to the scenarios defined in section 3 is
presented and assessed. An accident structural damage severity index is presented. This index is a
function of major component participation. The relationship between the scenario and the
structural damage severity index is assessed.

Inceractions of the structural componentp as obeerved from the accident data have been identified
and discussed. Problem areas for current structural components are discussed and assessed.
Finally, crashworthiness implications of the application of advanced materials in these structural
components are considered.

‘ PARTICIPATION CF STRﬁCPURAL COMPONENTS
‘IDENTIFICATION OF STRUCTURAL COMPONENTS

The accident data base was reviewed to identify structural components that participate in the aircraft
crash dynamic response. Results of this review are shown in table 4.1. This table identifies the
component crash function, crash dynamics, interaction with other components and results of thm
interaction.

The components are the landing gear, pylon/engine, wing box structure, fuselage, fuel distribution

system, floor structure, seats/restraint systems, cabin interior, and entry and escape doors. The
landing gear includes nose gear, wing mounted main landing gear, and wide-body fuselage
mounted gear. Pylon/engine include wing pod mounted engines and aft body engines. Wing box
structure is concerned basically with fuel tankage and primary load carrying members. Fuselage
includes lower fuselage, (bottom of fuselage to the cabin {loor structure) and upper fuselage (floor
structure to crown). Cabia interiors includé overhead storage, galleys, cloeeta. dxvxdera. lavatories,
ceiling panels, sidewalls, etc.

COMPONENT PARTICIPATION ‘
Participation is summarized in table 4.2. The major diagonal gives the total participation of any

component while the off-diagonal values shows coparticipation of other components. In addition to
the components, hull Josses and accidents involving fire are included.

From these dats, gener‘l compopent participation and interaction of componenia may be obtained. -

However, in order to obtain the significance of the interaction and role of components in crashes a
more detailed assessment is reqmred (see part of aecuon 4.0 titled, Interaction of Structunl
Components). .

MATRIX CATEGORIZATION

Table 4.3 presents a matrix relating critical structural components, fatalities, and accident severity to
the crash scenarios. Fatalities are divided into groups by cause: fire related, trauma, drowning, and

unknown (UNK). Percentiles relate to the number of occupanta pnruclpatmg The known frequency
of participation of structural components identified is shown for each major scenario and for subsets.

Included in this table are the number of accidenta, hull losses, and fires. Finally, the frequency of
occurrence for each accident severity defined in table 4.3 is shown.




uoyydaosqy ABuauy
Ae34g xog bugy
341 3/6uyay/ 11dS pyng g

abenwg suybujz/uoyfy

uoLdid4 “puag
dan,0na3s Buyn peoq
uo0jidaosqy A6aauy
bewwg Juybuz/uofhy

beum( Ibruuadw]
4y 4/Me34g Uy |any Apog

ARaug belasny
2413711105 a0y

buin 03

. SpROt 3doedwy °puag
‘90 uolhd

Aq uoyidiosqe A6.43u3

.

31303u07 punosy buyp
uojIeLJIUIg

- v ang 1am0 buiy
4031 qapm xog Suypm

*adny aupy oy |neaphy
/21153137190y

3I0Ju0Y 34NN ¥
UoLINIIIUIG "ISNY "am)

/¢ 0 buimars

oedwi ‘pag buypm
1903u0) "pug pod buim

UOLIRAIIUIG “ISNY UMy

340350435 buyp peron

4e3) xog bujn

.

uo) Ivaedag/asde) o) °

uo{1Pw0)2G °

UO}IINIY “PUY IPyADSg *

weajd)y 03 abeweg ov yym ou~gcmom .
voy3daosqy A6sauy

SU0y3INAisqy o0y °

b

u3/uoihy Buin

‘asny camy 0y - WIS/ 1y
£a3u3 3444/1Ing a9 ey ° abejasny 4a3ua) * uoy3eardag 40 asdeqqo) ° - Troa/uivn
1e3.] abejasny * -
uiqe) 03 Aujul a4y g4 ° ’ :
U0} 1PWI0;3(Q 400| 4 * abejasny .
abeweq uvdg - 43407 330033Udg ° )
. - 33Q casng “umy .
AqQ uoy3daosqy A6uauy * - ]
uoy33t44 "pay . 331007 “pug *dag s0/% i
£q uoyidaosqy ABaduy ° abei3sng pavasoy ° IWP1S/13y dsdegloy FI1T]
weijay 0] abeweqQ ou yIm jeaedas
- - ' : 3 - INCIRI|) P4 URIUIEY
4939 £q uoy3ydiosqy ABaduy ° L)ALy PROTY ° U0} IPNI043(Q JP¥9/3%0438 _wojydaosqy Abaul ° 4039 Duipuey
I NSAY 32341 [T EPIITT] SOjweulQ yses) T u0pIung ysea) wI}SAy

SweoysAs sinmonns -1y 6jqey




*(933y 40014 YF}H
34n3dny

LELE G LUAVEL LI
SuL}]

404 493U] ULGR) IS00TY
Jinoy ssaub3
JU04333f3 Jundnidg
$$S07 “LOA d|qRALAING
- uo} jewdojaqg Aq
uojydaosqy Abaau3l

*3oe|ds|g (e4d3e7 103§
beyoog ssaab3
$$07 °|OA ?{qeAjAANS
UD|3RAI| ] JOO| 4
Bugday/LL1ds 1anyg
sbewnq abejasny

$$07 uoyeiol 4

Kaju3 pry/aazen
/oows /341 3/130 4
uoi3dtag pa9 4Aq
uoy3daosqy A6aau3
uoy Jewiogag 4qQ
uo}ydiosqy A643u3

96eweg buppm
4p4/LL1ds 19Ny

abewaqg Bujp
3444/1114ds (any

beweq Guipn
eI |9ng
uoyydaosqy Ahuaul

abewep 3apy abwjasny
ug,w\ag,ug<\~w_aw tany
abeweq Juy cuxgo_»a

saupy t3ng Apog

$aY23PH/$ 4000
SWAL[ 034U uqe)

* weag 400} 4/%704)/5703S

.

.

24n33n43§ J400| 4
404 493U] U}qRY
$9Y2IRH/ 4000
syeag

24n3dny

Uy *331371an4 Apog
. 1043403840
abeyasny saddp
juawdde|dsiqg obae)

udwIdR{dS|] 400t 4
Jbewr)) upf:
3414/114ds 3ang4
$$07 U0§31~30( 4
/s31weuig J/y

$53463 43pul
$S07 U0§3IvI0( 4
/S31uRUAQ /¥

2un19N43G *ISNJ PO’}

aunydnyg auy
2443231 3/13n4

.

yedag abejasny

w0y 1403540 abegasng Jsaddp

ysnay abeasny aano7

43) I0ung 4IM0T

- Aeaug x0Q Duip

uoLjesedag

HO11PWL03(0

uot304edas /U0 JPW0 330

R

$sa.63
- uopIRyoLy

voy3d10sqy ABaauy

113YS 3A11O09104¢

SU0§IINAISAQ IIP9Y

UoLIR0L 4 P IAOLH
BUTRITYIN

W §3040Sqy ADUuy’

. LYy 7Y IdAdag

$U0§320435G0 S3IeIy
\ {3n3 uprIN0)

¥0(K4/9u6u3 ys0ddng
4039 ujty jz0ddng

weayaly 03
um~e¢o ou y3tm 33eaedag

B

abegasny

3any3anays Surp

au1buy/uo kg v

ILNS3Y 33444

Uo§IdRAI]

SOIWRUAQ YSe4)

U013ouUNg YSP1)

w3154

(penunuo)) swejsAg (gimonns~-L'y 8|qet




) abuasny Jaddp
£43u3 INOWS /a4y 4/ a0y * 24n30043 400| 4
abexdo(g ssab3 * swayshs 404 4DJU] Viqe)

Kanfuy quednodg *
Ibexyoo|g ssauby *
$}4q3Q uiqe)

sweag Joo( 4
abejasny saddp

aananayg peayxyng
94AIONAIG SJPaS

uojydaosqy Abaauy * ~
Kanfui/uoy3daf3 juednang *
Kanful/aseatay juednidg *
buyajwyy peoy °

uoyydiosqy (6aau3 - $YINL] IS

*3eJedag/uoLjead|3 jeag sweag 400( 4

SWI]- 4O} 42JU] ulqe)
SIRIG/SNIRAL 109$
S3aydeH/s.00q

SWAI] J40443U] uLqR)
51035 /%J0a] jeag

abexdo|g ssauby
U0y 3duosqy A6aauz °

abejasny

LLids (any - auybu3z/uoiAg

beweq abeiasny °
u0(3dsosqy Absauy -
$507 uojjejol4 ° -
$14Q3(Q UpqQeY ° SWAI] JOLJAIU] UIQR)
u01323(3/uo)30a0dag Jeag * $303¢
£43u3 a4y4/1anyg * *ade|dsig *Inay§ 400p4

.

.

Buiued( yusLeapeu}

*3403s1g abeiasny 4q pauwer
400t 4§ Aq pauuwep
si4qag kq abeydogg

abey|1dg 1350 /43109
*dag 43pLALQ/319501)/Aa] oY
*dag | |emapyS/iaueg buy||a)
*dag *j4edwo) peayusag
L2 | }dS "34edWO) PRIYIIAQ

oy:uu:x SSIUARK/ Y o0
3anydny jeag
U0 IeWU0)30 1035

*3dny/ "wi0jag yoea) jeag

a4nydny

Uo| JPWI0 30

34n3dny auy) Apog
24n3dny 3uy] uybug

uoy3eabajuysyg Ibejasny

.

pasinbay sy ajeuadp °

uNIONUIS 03 PIYIRYy ujPway °

UMY RIUOY SIUIIUC) * “SAS JOJAIIUL uiqe)

{ssauae/syjag)
paaynbay se Iseajay
4001 4 03 payIeIy UlRURY -°

" woy3daosqy A6aauy

U01391044/1U31ug R3U0) JuRANIIQ *

£314593u] (eanyonag ueyay °
SWAIY J014U] viqe)

. $53463 apyaosyg *
u013daosqy Abadul °

$AIR4{ /53035 ULRAISIY *

oberiay (ang Jpw -
AILJDAJUL [RuNIINAYY ULy °

Obae)-abebbey/uRAISUO] *

$4000 3adedsy
pue Aajul

w1shg
$IULRAISIY/SIRAS

UN3INYS 4004 4 3

,.:eum>v -
9vRI0Yy NSPY |IN4

Sway] mu-uu-c_ uiqey jsoddng -
SwR3g 400( 4 ja0ddng -

ILNS3y 399410 IS EIFEITT

SILWRUAQ ysea)

BO133ung 4sPa) "

wISAS

‘ (pepniovo)) sweolst 3 \E.Eo‘smi ‘b 8/q8y

40




T 2 L 5 s L o1 1 o 8 v st | aeem
. 2 7 £ € ¢ 2. 9 s b 5 s ¢ ] sn
. L X W o vz o2 52 8 92 €€ 12 2 | saoory
g € 0¢ I3 €2 vz 1€ 14 62 8¢ 82 ov | saoog
] £ 2. €2 v 92 T 8¢ 82 92 I3 9t syeag
L 2 22 b2 92 5 €€ bE o€ €€ 5¢ i | waed
ot 9 52 1€ 2€ €€ 00 €L 9. & s8  oo] wey
R s . s 147 8e ve €L 001 19 29 0L 0o jabeyasny
o1 v 9% 82 g2 0c 19 19 - 08 {5 65 0L | autbu3
8 s €€ 8¢ 92 . € u 29 (5 3 b9 08 40y
y g 12 82 % 52 58. 0¢ 65 ¥9  TOT 6 2y 4
ST L 2€ ot 9 I 001 06 oL 08 66 E€€1] tiw
) J93eM soul] [and  $40014 $400Q  SI1E3S J01J93u] oJn3dny  yeaig g ysni , “das “das  autg  ssoq
Apog utqey - yuey abeasny  auybug 4039 : 1"
18301 £GT - SIU3PLIDY JO sJaquny .

uvonedojued jueuodwon -z ¢ e/qel




"

o

201 00T €01 €€T €STf¢ €Y

16 aSN_n

L 02SE 22 00 ¥2 S|OU L 2  S6 1 () T LT B2 €E 9ty £°01 95(1 6°6e - .Siazéa

€12 0 0 1 2Jo o0 0o o o 0 0 t s ¢ ¢ 6 6 [ 351z 0 0 0t 6 1€ 0 98 12 5% QIHISSYIOND ¢
. 0ot 0o 2 0 ofJo o 1 -2z ¢ U1 € £ 2 £ € €30 0 0 0 99 6 69 0 569 . 682 9 vo13INIISA0 yBiy Jovdw Ipeg

t2o o 0 0 ofo 0 t o 1y ¢ 0 2 £t ¢t € € € fvos 6220 0 0 O €A S 9% $~.. §82 Jiten pyjos ..u:..s , 141

625 2 91 o0J2 0 9 9 UM § § 6 st uouoé IY'S 19 0 0 95 €9 011 S2 612 602 Sert Juwniod -3ovom REMN

0¢e€¢€ 0 t 1t oft o ¢ ¢ ¢ ¢ vV S &t ¢t 8 ey 22 0 O Uy 81 24 2 Vst z¢ 2y gmot Bups b (34

1T ¢6 2 6 2 ofJ€e 0 1T 1T 81 or ¢ 61 82 €2 ¥z 82 Of Ji's2 245 0O (1] Yy 00U €702 29% B'6® wEll 8722 SNOILINYLSBO OLNI LHOIN4 €5

600 2 6 0o o}z o o0 1 o T 2 2 0 2 0o . 2o o ¥ 1t 0 -0 o0 o0 1 282 Jaeem oy :2\8:.. 92

611 o v e oo 1 2z z ¢ ¢ ¢ 9 9 9 5 8 6 fie 2 0 0 218 99 s sU 8L 198 0330043500 yBiN €28

T oL ¢ L TQr 2 6 6 92 8 Ol 91 1z 61 2z of St fer 96t o 0 Uy s u SIE 052 99 2002 v} 19n.11390 MOy 1228

02z T vy 01 0 2 € € 0z £ 6 O £ of of el e 1 St 9 b ¢ € ver s 2n 0muns- 3 08 g8

o.o o 0 2 0 O0ofo0 0 0 o0 2 0 0 0 2 0 2 2 2 }o 0 0 o0 0 "0 e St 8 S zol [Aveuns uo so puncuS pury 1028

¢ ¥ EL O £ v TYY € €1 ST Sv g1 (2 €€ 6t 9 & 25 1312 6 € 91 ©v WZ ©8 v 661 6 vidr - 30V4YNS C4 39vVIUNS 2§

012 €1 o0 ofle 1 s v 2 v 2 r 50 ¢t ¢]o O ooz v o - 0 Iy T 902 9ty Jaayem up 3dedwy €

ots oot 9 z|t oz & owm o2 ot 2t e el oe2 02 22 ey suo o o 8 0°I1 206 S§°SI S2r 602 Jurab vo yovow €341

c9¢ 0 ¢ 1 ofjv 1t ¢ s 9 U 6 2L 11 21 1 ELYS'6E IS0 0 0 49 9 1€l 0S1 €66 09 1y1q Juvsd wvun 430 w0 Jovdw IS

totr oo o0 2Jo 0 0 o o O 0 0 1 1T U 2z 2z PIE B 0 0 246 S O 0 999 €8 121 fuorasussep sarung ow - t018

T8 1L 0l W7 2f6 ¥ 81 12 5% 8 O S oD ES J9'€1 909 S°v 202 0°€ L1 201 257 €-01¢ L6ET 2o ; J0V4UNS OF HIY 1S

= = R M ——
ﬂﬂw;w,:.smak _ m F m m g m m m E m z £ m m m g m m m .m o= m ~ OIYNIOS
, T8 5 023%% 52l 0 3 $ 2§ 3
: - F 8§37 "3 3 3 3£ 38
e 2 EA ] 3
3 3 w w o

o//eueds Aq uonezi0beie)-¢ p 8IqR )




On the basis of percent of fatalities, flight into obstructions (S3) is the most lethal scenario, foLowed
by air to surface (S1), unclassified (S4), and surface to surface (S2). This order tends ta agree with
 the total energy to be dissipated in the crash. The frequency of fire, while not independent of the
total energy, further increases the lethality of f.hg scenario. In fact, the major factor in fatalities is fire.

Considering total fatalities, the ranking of the basic scenarios is air to su: . ~e (S1), {flight into
obstructions (S3), surface to surface (S2), and unclassified (S4). On the basiz of numbers of
accidents, the rankiig becomes surface to surface (S2), air to surface (Sl). flight into obetructions
(S3), and unclassified (S84). .

No single scenario appears to be “the major type for lethality”, rather each rust be studied to fully
understand the crash response of aircraft. As starting points, it appears that.air to surface-impact
on gear (S12), surface to surface-~low obstruction (522), and flight into obstruction—impact
column (S32) are likely cand.lds tes.

To obtain improved crashwozrthmées each structural component must perform its crash function.
For instance, when the strength capability of landing gear is exceeded, the gear should separate
without tearing fuel tanks or danaging fuel or hydraulic lines. Landing gear should perform in
each scenario over the range of accident variables. In like manner each system should be studied.
This should provide an envelope of capabilities for the aircraft.

ACCIDENT SEVERITY AND SURVIVABILITY

Accidents have been assessed on the basis of amount of damage to the aircraft and etfect of this
damage on survivability. Accidents in the data base were assessed into six categcries of accident
severity shown in table 4.4. In general, the degree of structural damage and the energy to be dis-
sipated increases as the category increases.

Categories 1 through 3 involve accidents in which the occupant protective shell is generally
maintained but fuel spill factor increases with category. At category 4, the. fuselage break is
introduced but the fuel system is intact. Three classes of fuselage break are u ed to distinguish the
severity of the accident. A class 1 break has the fuselage broken with fuselage sections essentially
remaining together. The opening allows fuel/fire entry but is too smail for occupant egress. In class 2
breaks, the fuselage separates sufficiently to allow occupant egress and fuel/fire entry, but the
section maintain a proximity to one another. Class 3 breaks have fuselage sections separate and
come to rest at some distance from each other.

Category 4 accidents are severe accidents involving either severe lower fuselage crush orclass 1 or
2 breaks, or both. However, in category 4 there are no major fuel spills. Categories 5 and 6 involve
increasingly severe destruction of the aircraft with serious breaks in frel tankage

The 153 accidents in the data base have been grouped by category and are summarized in table 4.5 °
" and figure 4.1. From data in table 4.5 and figure 4.1 sow« general observations may be made. First,
with regard to overall survivabilil y, fire presents the greaiest hazard. Known fire fatzlities outnumber
known trauma fatalities by 2.84 to 1.0. Fire hazard is most severe for accidents having major fuel
spills due to rupturing of fuel tankage (categories 3, 5, and 6). '

Trauma fatalities occur mostly in categories 5 and 6 which involve severe fuselage breaks. The
single instance in category 2 resulted from a local loss of sumvahle volume and five instances ia
. category 3 resulted from severe lowes “uselage crush.

Deep water iquact accidents represent less than 10% of the study data base but have & high fatality




Table 4.4-Categories of Accident Severity

1. Minor impact damage ~ includes engine/pylon damage or separation, minor lower fusetage damage,
and minor fuel soillage.

o 8, - e
Vi T T
[ P

2. Moderata impact damage - includes higher degrees of damage of category 1 and includes gear
separation or collapse.

O

3. Severe impact damage but no fuselage break - includes major fuel spillage due to wing lower surface
tear and wing box damage.

4. Severe impéct damage - includes severe lower fuselage crush and/or class 1 or class 2 fuselage
breaks, may nave gear collapse, but no !ank rupture.

5. Extreme impact damage - includes class 1 or class 2 tuselage breaks with wing separatvon or breaks,
may have gear and/or engine separation, and tuel spillags.

.,‘r'-' e,
[+ 4

" Air. aft destruction - includes class 3 fuselage breaks or destruction with tank rupture, gear and/or
engine separation.

..
2 %00
o

- Fuselage breaks: Class 1 - sections break but remain together

Class 2 - sections break and open

"Class 3 - sections break and move oft
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rate. Little structural or detailed information is available on several accidents in which a large
percentage of the occupants perished. Water impact usually results in severe damage to the lower
fuselage, often accompanied by class 2 breaks in the fuselage and separation of wings, engines,
and landing gear. In some cases many occupants drowned after evacuating the aircraft. In some
cases the high famhty rate was due to inappropriate action of the cabin crews after the aircraft came
to reat.

Last, as might have bheen anticipated, the overall survivability generally decreases as the major
structural damage to the aircraft increases. For categories 5 and 6, known fatalities due to fire and to
trauma appear in almost equal numbers. While theee categories also have the largest percentages of
undefined fatalities, it is not expected that t.he results would be changed if a full definition of fatalities
-were available.

Category 1 accidents experienced only minor structural damage. There were three hull losses and
53 fatalities due to fire. Two accidents involve fires, caused by separation of an engine, that
resulted in a catastrophic explosion of the wing tanks. In both instances, fatalities occurred when
tanks exploded while the aircraft were being evacuated. Another accident involved a fire due to
penetration of the wing tank by debris thrown up from landing gear. In this mstance the aircraft
was successfully evacuated but was destroyed by fire.

Category 2 accidents involve only one fatality. In this case the trauma fatality occurred as the aircraft
penetrated the airport terminal. The purser was killed when the hull was ruptured by a building
column. This accident is an anomaly. There are 12 hull losses, 2 of which were due to slowly
spreading fire. Two accidents involved engine separahon and fuel line fires while another accident
was a friction fire due to nose gear collapee.

Category 3 accidents involve at least 722 fire related fatalities and 5 trauma fatalities. There are

three accidents involving 179 occupants and 130 fatalities that are undefined. The DC-8 Toronto
accident was placed in this category because of the major fuel spill due to tank rupture as the
engine/pyion separated The 108 fatalities are treated as fire related because the wing fuel tank
exploded in the air while attempting a go-around. The five trauma fatalities were in the KLM Tenerife
accident; and were in the lower fuselage and were ejected. Drownings accounted for 18 fatalities, at
least 15 of which occurred after evacuation.

Category 4 involves 225 fatalities of which 56 are from fires not due to tank rupture 165 due to
drowning, and 5 to trauma. One of these was the 727 Sait Lake City accident in which fire resulted
from a hard landing that caused a ruptured fuel line.

In most accidents involving drowning, few details are available except for the DC-9 St. Croix
accident. In this case the drcwnings are thought to occur after evacuation and trauma fatalities were
" due to seat separation due to ﬂoor distortion and to occupants who did not use the seat belts.

. Category 5 involves 934 fatalities of which 45% are of undetermined causes. Of the known causes of
fatality, 335 are related to fire and 210 are related to trauma. The 747 Pan Am Tenerife accident
accounts for 36% of the fatalities, with 144 deaths of undetermined cause. In this accident trauma
fatalities were due to the destruction of the upper aft fuselage by the KLM 747 and the entry of the
-KLM engine pod into that section of the aircraft. Further, burning fuel from the Pan Am ruptured wing

was sprayed into- the area trapping most of those not killed by trauma. The four known trauma

fatalities in the 727 Cincinnati accident were due to complete destruction of the eockptt area. The
10 trauma fatalities in the DC—8 Portland accident were dua to intrusion of a large tree into the
forward fuselage.

e 1 s v e e s —
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Category 6 involves 1547 fatalities of which 59% were of undetermined causes. Of the knowr. causes
of fatality, 189 are related to fire and 190.are related to trauma. In four accidents, only the fate of the
flight deck crew ia defined although there are indications of cause with terms as “many"® or “most”.
The enormity of many accidents and shortage of pathological skills preclude accurate postmortem
determmatxon of cauge.

RELATIONSHIP BETWEEN SCENARIO AND ACCH)ENT SEVERITY CATEGORIES .

Combining the structural damage severity category with the <~en.;rios shows scenario development
should include accidents having severity categories of 3 througn 5. Category 6 accidents represent
consumption of all the aircraft’s protective structure. However, provisions made for less severe
- accidents would tend to improve the crashworthiness in some aress even in category 6 accidents.

Consequently, research efforts should be directed towards better defining the crash scenarios to
represent this severity range. The improved definition includes initial conditions, aircraft motions,
hazards encountered, and crash response of the systems. Methods of simulation should be
developed that permit study of the parameters that affect the crash response so that these might be
subjected to a more thorough engineering treatment. ,

INTERACTION OF SﬁUC’I‘URAL COMPONENTS AND AIRCRAFT SYSTEMS |

Most substantial damage or hull loss accidents that are impact survivable will involve damage,
destruction, or loss of one or more structural components and aircraft systems. During the
sequence of events as the destruction occurs and the aircraft come to a stop, the lives of persons
onboard are being jeopardized. In the 153 accidents reviewed in this study, it was determined that
the most critical event in the sequence that caused most fatalities was the releasing and ignition of
fuel which then developed into severe fires. For those persons not inju~2 oy impact, the
probability of survival was determined by time (measured in minutes and seconds) and by the
impediments in the escape route. In order to define approaches to improve the crashworthiness of
transport aircraft it is necessary that the involvement of the structural components, systems, and
subsystems be determined and the sequence of events and interaction of their involvement in a
variety of accidents be well understood. '

Discussion of the major hazards, the dominant structural components, and the interartion as relating
to siwrvivability is provided in the following sections.

WING BOX — INTEGRAL FUEL SYSTEM

Severe fuel fires, that are the primary cause of moet fatalities, result from unwanted release or
spillage of tank fuel. In this study it was found that 107 accidents involved tank fuel spillage and 85

" of these had fires of varying severity. Spillage directly from the integral tank usually occurs from six -
types of events: wing box fracture or break, lower wing skin tear or rupture, penetration of the tank.
by an object, tearing open the wing box during separation of main landing gear or engine pylon, fuel
tank ullage explosion, and flow from wing tip vents. In a given accident two or more of these types of
spillage sometimes occurs. These types are shown in figure 4.2.

Fuel spillage due to wing break occurrences have been assesséd with r»gard to incidence of fire and
fire related fatalities. The area of the spill has been assessed where “large” is 30 meters or larger in
diameter, “medium” is 10 to 30 meters in diameter, and “small” is under 10 meters. Fire intensity
has been aseessed with respect to consequences of fire as large, medium, or small. Interaction of .
fire with fuselage in terms of fuselage entry and of effect on evacuation also have been assessed.
Fire entry to the fuselage has been gaged as entry through breaks or as burn-through. In addition,

- the effect of fire on the postcrash evacuation has been assessed. Hem. large effects lmphes some
fire nelated fat.lhues. while small unphes some hindrance.
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maintenance of the wing ground clearance and to transmiseion of loads to the wing stmcture (only
for wing pod mounted engines).

WING BOX BREAK/FRACTURE

In 67 accidents, fuel spillage occurred when the wing box fractured due to excessive forces or
loads. There are also nine other accidents in which it is believed that wing fracture occurred but
insufficient detail is available to define other factors.

Most fractures occur due to high vertical loads or due to impact with large objects such as trees,
buildings, or embankments. In some cases the landing gear and engines may also collapse or
separate at the time wing fracture occurs, however the gear and engine generally have little
influeace on the severity of the accident except possibly by providing an ignition source for the
spilled tank fuel.

Some wing fractures occur early in the accident sequence and the fuselage continues to slide or
move, poesibly away from the initiai large fuel spill location. Fuel is usually scattered over a large
area. In other cases the wing fracture occurs at about the time and point where the aircraft comes to
rest and the fuel epill is adjacent, under, or around the fuselage. If fuel ignition occurs, an almost
instantaneous severe fuel fire develops; this constitutes the “most hazardous scenario.” Damage to
other structural components can influence passenger/crew survivability in this situation. Fuselage
breaks and fuselage lower surface ruptures can provide immediate access for flame and smoke to
the passenger compartment. Damage to the cabin interior such as collapsed overhead storage,
galley debris, ruptured fioor. and jammed/blocked exits can impede evacuation. The interactions of
these structural components and the impact that each has on survivability in the wing break/severe
fire occurrence, is different for each occurrence, no two are the same. From this study it is
concluded that research should be sccomplished in the ares of wing box and integral tank design
philosophy and in the development of wing structure that will minimize wing tank fracture when wing
box breakage or separation occurs.

Results of these assessments are shown in figure 4.3. Some general obeervations may be made.
First, wing breaks result in a high percentage of fires (deep water impact being an understandable
exception). Second, wing break accidents have a high fire related letbality. Third, if fire is present it is
highly probable that fire will enter the fuselage either through a fuselage opening such as a door,
‘break, or by a burn-through. Fourth, the presence of fire has a serious effect on the postcrash
evacuation. Breaks due to impact in deep water have not experienced fires although hazard of fire is
present. Breaks due to dragging the wing acroes the ground appear to result in a lower percentage
of fatal accidents than other types of breaks.

Wing breaks due to impacting trees/poles and like obetructions are particularly severe types of
breaks with regard to size of the spill and resulting fire and incidence of fire related fatalities. For
21 accidents, large spills occurred in at least 18 with fires occurring in at least 15. Fire related
fatalities did not occur in only seven accidents. It may also be seen that fire entry through fuselage
breaks occurred in almost 60% of the accidents while entry by burn-through occurred in about
10% of the aecideptl. Fire was a factor in evacuation in about 30% of the accidents. For this type
of break, interaction with landing gear and with engine/pylon separation appears quite small as
might be expected

Similar assessments may be made for other causes of wing break with similar results. An exception
is the effect o1 gear separation and engine/pylon separation for the ground drag break. Here the




Number of accidents

25

0 5 19 1 § %0
Trees.poles ]
Fire ]
Fire fatalities _'uj
Spill size C IMI U ]
Fire size L L u ]
Fuse. entry BR 8T U |
Evacuation L Is] U ]
Gear fact. , [P
Pyion fact. |P
Grd drag |
Fire ]
Fire fatalities ]
Spill size L | M | s |
Fire size L | M ] s |
Fuse. entry B8R { 8T ] ,
' ) C = Case,
Evacuation L M S {u] L = Large
, , | M = Medium
- S = Small
Gear factor L (Mis] u | U = Undefined
: ) BR = Break
: ’ 8T = Burn through
Pylon factor L IM[ s | u ] P = Probable

Blank = Number, yes

Figure 4.3-Wing Break Assessment




Numbér of accidengs
0 5 10 15 20 25
s 1 ' )
Vertical obstruction 1
Fire 1
Fire fatalitios Tu]
Spill size L ] M Is]
Fire size L | M |
Fuse. entry BR Bl D |
Evacuation L Imlul
Gear factor ”E_m
. Pylon factor L [M] S |
Inertia loads 1
Fire 1
Fire fatalities [U]
Spill size L im]
Fire size L {S}
Fuse.entry [ BR | BT | U ]
‘ C = Case
Evacuation [L][S] U | = Large
M = Medium
S = Small
Gear factor M| S| U] ‘U = Undefined
BR = Break .
. - BT = Burn through
Pylon factor EE] P. = Probable
D = Debris

Blank = Number, yes




Number of accidents

]

5 10 © 15 20 25
- - — 1
Wing low impact J

Fire ]

Fire fatalities ]

Syill size L Ts]u)

Fire size L IMIS]Uu]

Fuse. entry BR 1 )

Evacuation L IMISJul]

. Gear factor  [S
Pylon factor :Lﬂ
Deep water ‘ |

Fire

Fire fatalities

Spill size L.t Juj

Fire size

Fuse. entry C = Case
L = Large

Evacuation M = Medium
S = Small |

. U = Undefined
Gear factor BR = Break
' BT = Burn through

P = Probable

‘Pylon factor Blank = Number, yes

Figuré 4.3-Wing 'Break Assessment (Continued)




/ .’ . /
Number of accidents
5 10 15 20 25
1 d L IR
Undefined |
Fire ] -
Fire fatalities c [ P Ju] .
Spill size L | u J
Fire size L | U )
Fuse. entry BR | u ] C = Case
' ‘ L = Large -
: M =Medium
E tion 1
vacuatio L 1 S - Small
: U = Undefined
Gear factor U ] BR = Break
BT = Burn through
) P = Probabie
Pylon tactor U | Blank = Number, yes

Figure 4.3-Wing Break Assessment (Concluded)




crash role of gear and wmg/pylon mounted engines in maintziniag ground clearance of the wing does
appesr to be a significant factor. If a gear more tolezzat to separation or collapse were available,
some improvement in crashworthiness might b= achieved.

WING LOWER SURFACE TEAR/RUPT'RE

In this study, tear or ruptvre of the wing lower surface is known to have occurred in eight accidents
and probably occurred in 19 others. These generally occur when the wing is subjected to
scrubbing/sliding on th= runway, on rough terrains, or over various objects. Records indicate that 13
involved contact with rough terrain, 7 involved sliding over fences and walls, 4 involved sliding on
-level ground, 1 invol+ed settling on a separated engine, and 1 involved impact with another aircraft.
In 26 of these accidents the aircraft was destroyed and 40% had fire related fatalities.

The hazard evolving from these wing tank tear/ruptures is related to the size of the tank opening, the
rate at which fuel is released, the temperdture, and if the fuel was ignited. Many of these
occurrences involve severe fires, however they tend to be localized in the wing area and thereby
make it poseible for persons onboard to cvacuate from both ends of the fuselage away from the fire.
The interactions and impact that other structural components have on these wing lower surface tears
is the same a8 with wing break occurrences. An increase in the hazard occurs with time (possibly 30
seconds to 5 minutes); fire impacting on the wing often causes tank explosions that spead the fuel
further and intensify the fire. Research should be directed in the area of containing the fuel within the
tank or at least restricting the fiow of fuel through the rupture or hole in the wing skin.

Assessment of these accidents is shown in figure 4.4. As may be seen, iower surface tear results in
large fuel spillage with the fire being severe. In about 60% of the spills, fire enters the fuselage by
burning through the skin, while fire entry through fuselage breaks occurs in 15% and by other
routes in about 10%. Fire has affected evacuation in 40% of the cases.

With regard to the interaction 6f landing gear collapse or separation, gear has been a major factor in
50% of the spills and had a lesser effect in about 30% of the spills. Wing mounted engine/pylon
separation or collapse during lower surface tear failed to maintain ground clearance in 95% of the
cases.

Wing Box Tear

Tearing away sections or parts of the wing box fuel tank and subsequently releasing large quantities
of fuel during separations of main landing gear or of engine pylon is an infrequent occurrence, being
reported in seven accidents. However, when it does happen, a severe fuel fire generally occurs.
Design philosophy for main landing gear and engine pylon attachment to the wing box should be
reviewed to ensure these units are fused for a clean overload separation thst does not fracture the
mtegra.l fuel tank. Assessment of wing box tear is shown in ﬁg'ure 4.5.

Tank Ullage Explosxons

Wing box fuel tank ullage explosions have been reported in 17 accidents and probably occurred in 6
others. In most of these, a severe fire already existed and generally the size or intensity of the fire
increased. In most cases it is not known how many, if any, additional fatalities resulted from the tank
explosions but it appears from available data that evacuation was usually affected. The initial fire in
three accidents occurred at the engine pylon wing interface after engine separation, two of these
explosions occurring in flight. Research should he directed towards development of devices,
systems or procedures that will eliminate or reduce the probability of ullage explosions. However,
reliability of the fuel delivery system must not be compromised or reduced to achieve the elimination
of ullage explosions. Assessment of tank ullage explosions is shown in figure 4.6.
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- Wing Tank Vents

The wing tank vent system has been involved in one severe fire accident. In this case, a 707 in
Rome, an engine fire spread to fuel dripping from the adjacent wing tank vent at the wing tip,
progressed through the vent system and caused a tank ullage explosion. Any studies involving fuel
tank design should include the tank vent system and flame suppression.

Tank Puncture '

There are three g>cidents in which tanks have been punctured by foreign objects. Two of these
accidents occurred during aircraft operation and resuited in fires that destroyed the aircreft but for
which there were no fatalities. Gne of these involved puncture by debris from a disintegrating engine
and the other involved parts from a disintegrating wheel. The third incident occurred aficr the
accident when the tank was punctured during rescue operations but there was no fire.

Leskage

There are four éécidents in which fuel spillage resulted from leaking tanks. Only one ac;:ident
experienced fire which destroyed the aircraft, but there were no fatalities. While fire hazard is
present these accidents have not been lethal.

Body Lines

Rupture of body fuel lines is a hazard associated with aircraft configurations having aft mounted
engines or auxiliary power unit. If fuel tank shut-off valves are activated immediately after a crash, the
amount of fuel spilled due to body line rupture is only a minor contributor to the accident severity.
However, when the lines are not shut off, the resulting fire has been catastrophic.

The “classic” case of this was the 727 Salt Lake City accident on November 11, 1965, in which a
separated landing gear penetrated the lower fuselage and ruptured a body fuel line. Forty-three
occupants died from fire related causes. As a result of this accident, body lines were strengthened
and rerouted o avoid this type of rupture. The only other instance in which body lines are thought to
be a major contributor to the severity of an accident is the DC-9 O'Hare on December 20, 1972,
- where the aft fuselage of a DC-9 struck the verticai tail of an 880 during take-off and probably
ruptured a body fuel line. Ten persons perished from fire related ciuses in this accident.

Assesament of body fuel line rupture is given in figure 4.7. As may be seen, there are 10 accidents
with 4 probable instances of rupture. Fire was present in each instance with fire related fatalities in
nine accidenta. Fuel line rupture fires are deemed to have been a factor in evacuation.in poesibly six
of the cases. Fuselage breaks were present in eight of the cases with fire entering the fuselage
through the breaks in six cases, Fire'came through the floor in three cases with one uncertain.

SEATS

" Seats interface with '.he occupant and w{th the structure to which they are atltaéhed. In assessing
_these interactions, the relation of the seats and the structure is treated first, and the relation of the
seat to occupant is treated second.

Three besic types of seais are of concern: crew seats, flight attendant jump seats, and the
- passenger double and triple bench seats. Crew seats are single seats that are mechanically
adjustable to facilitate operation of the aircraft and attach to the cockpit floor structure. A
combination shoulder and lap belt restrain tha occupent. Flight attendants’ jump seats may be
single or double units attached to & bulkhiead and mechanicaily folded or retracted when not in use,
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These seats support vertical loads, with the restraint harness transmitting side and longitudinal
loads to the structure.. Passenger seats are attached to floor tracks and in some designs to the
fuselage sides. Floor tracks are attached to the floor structure or to palleta attached to the floor
structure. The passenger is restrained by means of a lap belt.

For the interaction of seats with structure, no distinction is made for types of seats, but two
interactions are of concern with the structure — the effect of a fuselage break and the distortion of
the floor. In a fuselage break, seats may be ejected through the break, or may simply separate from
a broken floor track. In floor distortion, seats may separate from the track, or may be elevated.

The potentially most lethal of these interactions is ejection through the fuselage break. Survival of
the occupant is a matter of chance, depending on many factors such as velocity of ejection, nature
of impact area, and the orientation of the occupant at impact. Further, the ejected occupant may
be in an area that is exposed to fire or is overrun by the advancing aircraft.

Seats located in the vicinity of a fuselage break may be subject to high acceleration pulses due to
the redistribution of the stored strain energy as the structure breaks. This frequently results in the
separation or the seats due to rupture of seat tracks, seat track attachments or seat structure.
Separated seats may then shift position and cause injury or hinder the egress of the occupant.

Seat dislocation from floor distortion may be due to separation or to elevation of the seat.
Separation may force the occupant to contact interior objects and may hinder egress. Floor
elevation may block egress routes such as over-wing escape hatches, may hinder the occupant in
exiting from the seat, or may force contact with the cabin interior. For crashworthiness, it is
desirable to keep seats attached, in place, and to maintain-a survivable volume for the occupant.

There are 48 accidents with identified interactions and another 21 accidents to which probable
interactions were assigned. Assessment of these accidents is shown in figure 4.8. Fuselage break
has resulted in 15 certain accidents with one or more occupant ejected through the break, and
paubably at least two more. Separation of some seats at the break with the seats remaining in the
aircraft has occurred in 30 accidents with probable occurrence in at least 13 other cases. Seat
separation due to floor or fuselage side distortion has occurred in 19 accidents with probably 5 other
cases. Elevation of the seat without separation has occurred in 14 accidents with probably 4 other
accidents.

The discussion of seaUrestmint.performance in survivable crashes is presented in two parts. The
first part includes those accidents in which injuries that might be related to seat strength
performance and in which seat/ estraint performance are cited by the accident investigation team.
The second part includes serious accidents in which the seat/restraint performance was not cited
and in which no injuries that might be related to seat strength occurred.

Only 31 such accidents could be|/found in which seat performance was mentioned in NTSB reports.
A detailed review of these accidents indicates seats certified to current FAR seat strength criteria
" provide protection to the occupant commensurate with the crash loads. The aircraft strength and
- occupant injury tolerance capability appear to be in proper bulanee .

A separate independent study of this matter conducted within the FAA is contained in reference 1.

The current study drew upon NTSB accident reports and special studies, NTSB Human Facton
Factual Reports, NTSB Public|Hearing Dockets, and the manufacturers accident files for each
accident. The separate FAA study also treats NTSB data, and includes FAA Civil Air Medical Institute
(CAMI) data but does not include the manufacturers files.
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For engineering purposes it is necessary to relate seat performance and injury. To do this it was
uecessary to review the Human Factors Factual Reports and, in some instances, survivor testimony.
The NTSB statistical category, “Serious Injury” (see app. A), used in NTSB Accident Reports does
not necessarily identify actual physical injury nor relate injury mechanism to injury. Accident victims
who are hospitalized for 48 hours for medical obeervation, legal considerations, or other reasons are
listed as serious injuries even if there is no treatment. An immediate improvement in crashworthiness
statistics could be obtained simply by using a more accurate definition of serious injury. To rely on
these injury statistics may lead to exaggerated conditions and produce erroneous conclusions.

Reference 1 identifies 27 ground impact accidents including 7 propeller-driven aircraft and 20 jet
transport aircraft. A comparison of those study accidents with this study shows that 18 of 20 jet
transport accidents are included in the present study. The two accidents omitted are the DC-8 JFK
accident on September 15, 1970, in which the seats perfcrmed adequately and no occupant was
actually seriously injured, and the 707 Pago Pago accident on January 30, 1974 in which no seat

. performance was cited. The additional accidents in the present study include accidents prior to

1970, two Canadian accidents, and the 747 Japan An'hnes accident in Anchorage on December 16,
1975.

In these accident reviews, investigators did not identify a single trauma fatality caused by lack of -
seat strength or seat attachment structure strength. It is recognized that such identification is
difficult because of incomplete knowledge of local crash dynamics, fatal i injury mechamsms and
survivor testimony as to his experience. Also, postcrash fire frequently consumes necessary
evidence. There are limited, though subjective, indications where an increase in attachment’
strength may have provided some benefit. For instance, one passenger in the 727 St. Thomas
accident was ejected in his seat through a fuselage break and died of trauma i injuries. This seat was

" located in the aircraft in the region of fuselage destruction and there is no assurance that any

increase in seat strength requirements would have provided any benefit.

While it can be observed that injuries were sustained in deforming the seats, no sequence of events

has been identified where increased seat strength would have reduced occupant injury.

Consequently, the cases presented in table 4.6 involve serious injury and/or seat/restraint system

crash performance for accident survivors. Twenty-six accidents involve a hull loss, 19 involve fire, .
22 involve at least one fuselage break, 14 involve severe floor distortion, and 4 involve water impact.

Thirteen accidents are only partially impact survivable since survivable volume for at least one

occupant was lost. For seat/restraint system strength performance, injuries to the head, spine,

chest, and pelvis are of concern, although injuries of these types may arise from a variety of other

causes. These are shown for the flight deck crew and passengers, while spine and pelm injuries are

shown for flight attendants.

Table 4.6 also shows seat performance for seat,-to-ﬂo(;r attachments, seat legs, seat nan, and
restreints for flight deck crew and passenger seats. The number for attachments and seat legs are
for seat units. Flight attendants’ jump seat structures, mechanisms, and harnesses are also
identified.

Some general observations may.be made in reviewing these accidents. First, there is evidence of
spinal injury for flight deck crew, flight attendants, arid passengers where no seat crash performance
was cited by the NTSE. In addition, there were spinal injuries to occupants where seat crash '

- peformance was cited. If the injury tolerance of these people is exceeded by the crash forces

transmitted by seats designed to current strength requirements. increasing the seat strength criteria
would do nothing to improve their protection. Second there are instances where seat performance

~ was cited in which no serious injury wae incurred suggesting that increasing seat strength might
_ transmit sufficient load to produce serious injury, & negative benefit.
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Seat detachment (separation) is generally associateC with loss of structural integrity due to
destruction of the fuselage shell, fuselage breaks, and to extreme distortion of the structure.
Detachment may occur if all the seat legs or attachment fittings rupture or if the seat tracks rupture.
This indicates that a more compliant seat/floor substructure to accommodate distortion might be
more beneficial than an increase in seat strength criteria.

For commercial jet transport aircraft, there is little evidence of seat separation with subsequent
“stacking” in the forward section of the aircraft. Two exceptions to this are the DC-9 St Croix
accident where three double seats stacked due to the impact of some passengers who did not use
their lap belts; and the 737 Midway accident where two triple seats (rows 14 and 15 A, B, and C)
stacked due to severe structural damage to fuselgge in that area. The more severe injuries occur in
the vicinity of fuselage: breaks and areas of extreme fuselage distortion. This might be expected
since these are locations of very hxgh loadings and areas where structure has lost its ability te protect
the occupants. ,

Passenger Seats

In those accidents involving high longitudinal loading such as the 727 Cincinnati, 737 Midway,
L-1011 Miami, DC-9 Boston, DC-9 Charlotte, 727 JFK, 727 St. Thomas, DC-8 New Hope, 737
Cranbrook, and the DC-8 in Portland, extreme destruction of the fuselage was experienced.
Passenger seat separation was obeerved in the areas of destruction. An increase in seat strength
criteria would not have reduced the injuries in these accidents.

Examination of those accidents involving extreme vertical impact velocities such as the DC-9 St.
Croix, DC-8 JFK, DC-9 Akron, 727 Denver, DC-9 Philadelphia, and the DC-9 Toronto accidents
indicates an increased number of spinal fractures as compared to the total data set. In the Toronto
accident, the aircraft went over a 51-ft cliff at 46 KIAS, equivalent to falling from the top of a five-
story building, having a resultant deceleration of 25 g. At Akron, the aircraft flew over a 38-ft,
- embankment at 86 mph impacting on a roadway. The Philadelphia, Denver, JFK, and St. Croix
accidents had hard impacts combined with high forward speeds.

These accidents indicate that the current passenger seat vertical strength criteria are closely
matched to the threshold of injury for the passenger population. Further seat deformations observed
in some of these extreme accidents used much of the available stroke indicating that the limit of
energy absorption within the injury load threshold is being approached. However, further research
on the energy abeorption aspect of crashworthy seats should ve done.

The DC-8 Anchorage accident was an overrun during an aborted takeoff in which the aircraft
encountered a deep ditch and hit a building &nd an antenna tower. The aircraft lost engines, landing
' gear, wings were separated and broken ard the fuselage broke open. Many of the occupants left

thei~seats and were standing in the aisles before the aircraft came to rest. Twenty-one spinal injuries . __

occurred. One flight attendant and approximately five passengers are known to have sustained
spinal injuries due to impact loadings. These five passengers were in seats that ejected from the
- aircraft when the fuselage broke. The remainder also may have occurred during impact or during

evacuation, but there is no implication that increased seat sttength would have provided more
protectxon . .

It may be seen that only four accidents are of concern in actident performnoe of the flight deck

seats. In the DC-8 Portland accident, the right side of the cockpit experienced loss of survivable

volume due to impacting a large diameter tree (of the cockpit occupants, only the Captain survived).

The First and Second Officer's seats separated while the Captain's seat was attached but was loose
. and had some seat pan deformation. , -




In the DC-9 Philadelphia accident where the aircraft experienced a 10 g vertical deceleration, the
Captain and First Officer seats experienced seat pan deformation. In applying loads to deform these
seat pans both occupants experienced spinal injury.

In the 707 Kansas City accident one ﬂight deck seat experienced seat leg deformation and the
officer received a spinal injury. However, in this mstanoe, it was noted that the harnesses were not
used by the the occupants.

There are six other accidents in which spinal injuries occurred to flight deck crew but for which there
was no seat performance cited. From this it may be concluded that seats are already stronger than
pilots; and that further increasing the strength criteria for these seats would provide no benefit and
might cause more severe injuries. It appears that some increase in energy absorption and load
limiting might prove beneficial. .

There are eight accidents in which flight attendants suffered spinal injuries while seated. In the DO &
Anchorage accident, one injury occurred when the seat retracted from under the attendant du:rug
upward acceleration causing the attendant to fall to the floor. The remaining injuries occurred with
the flight attendants in the seat. Two flight attendants had spinal and pelvic injuries ir the high
longitudinal deceleration 727 JFK accident on June 24, 1975, even though there was o damage to
the seat/resiraint system. Most of these citations involve instances of seat collapse or partial
collapse due to rupture of a hinge, seat attachment fitting, or of the supporting mechanism. The
injuries sustained did not cause loss of mobility in most cases. -

There are instances where seat deformation coatributed to harness problems, in that the flight
attendant submarined after the seat pan deformed. The 727 Denver accident on August 1, 1975 is

a case in point. The flight attendant suffered a back injury in this process. Also “some” spinel and -

pelvic injuries were experienced in the L-1011 Miami accident. Most of the remainder of spinal
injuries occurred in hard vertical impact accidents with seat pan or mechamsm citations. Also there
are instances of seat deformation in whxch there were no injuries,

A review of accidents involving ﬂnght attendant seats indicates that increasing seat sirength
. would not reduce the number of serious injuries. However, every effort should be made to include
the results of TARC Project 216-10 study into flight attendant restraint design. Various
government agencies such as the Army, Air Force, and the Department of Transportation have
identified some levels of injury tolerance. See part of section 5. 0 titled, Human Impact Tolerance
for a more detailed discussion.

A mGGm

There are 96 accidents in which one or more of the landing gear separated or collapsed. In addition
there are 15 accidents in' which the gear was stowed or retracted. The effect of gear separatxon or
collapee will be considered, followed by the effect of gear in stowed positions. Some companson of
tht two effects will be made.

Referring to tabie 4.2, the total occurrences show that for 95 cases of gear involvement (1 accident
involves debris from the: gear damaging the aircraft) thewe were 80 hull losses, 64 fires, 71 tank
ruptures, 46 wing mounted engines/pods separated (11 csses of engine separation involve aft
mounted engines), 62 fuselage breaks or crush, 38 door hatch involvements, 33 floor distortions,
33 cases of debris, and 26 seat citations. ‘

In |order to assess the‘role of landing gear and the interaction with other structural systems the
accidents were reviewed. Direct effecta of gear separation are: separation of wing pod mounted
enfinen; rupture of fuel tanks by failing to maintain ground clearance and by the separating gear




tearing a wing box; and damage to the lower fuselage by crushing, friction, and by breaks.
Secondary effecte are fire due to fuel spillage from ruptured fuel lines and tanks and to friction, floor
distortions, door/hatch problems, seat separation, and debris due to the distortion and breaks of the
fuselage as a result of ground contact.

Figure 4.9 shows the assessment of gear separation. In 67% of the accidents all gear separated or
collapsed, while in 22% only main gear separated or collapsed, and in 9% only nose gear separated or -
collapsed and in 2% noee gear and one main gear separated or collapsed.

Gear separation or collapse was involved in tank rupture in 17 cases of lower surface tear, 12 cases
of wing drag breaks, 14 cases of wing box tear, and 4 cases of tank leakage. This fuel spillage
resulted in 42 fires. Thus gear separation or collapse is a factor in 64% of the fires that occurred when
gear participated in the accident. Using small, medium, and large as the degree of involvement, the
gear was a large factor in 26 of the 42 fires, a medium factor in 4 of the fires, and a small factor in
12. With respect to fatalities, there were 28 accidents with fire related fatalities and 24 accxdents
with trauma deaths. :

Lower fuselage crush occurred in 53 accidents with gear separation being a large factor in 37
cases. Lower fuselage crush has a secondary effect on door/hatch jamming, on separation of seats,
and on cabin interior debris. Gear separation was a large factor in 9 cases of fuselage break.

For 15 accidents in which the gear was known to be retracting or in stowed position, there are only 5
cases where heving gear extended may have prevented the crash. These cases mostiy involve
extensive slide-out, but occurred during aborted takeoffs or flight activities for which the gear is
normally retracted. ,

From the above discussion it may be concluded that development of gear more toierant to conditions
that cause separation would result in some inc:ease in crashworthiness. Further, when separation
does occur, the wing box should not tear open.

" CABIN INTERIORS

Cabin interiors are cited in approximately one-third of the accidents in the data base. Cabin interior
equipment includes overhead storage compartments, ceiling panels and lights, sidewalls, class
partitions, galleys, and closets. Comparing cabin inteior citations with the accident severity category
(see table 4.4) som: peculiarities may be observed. For instance, it mizht be expected that
accidents in categories 3 to 6 would have a higher percentage of cmhons than is actually reported.
This is particularly applicable to accxdent categories 5 and 6.

The dxspanty might be attributed to the expectations of the investigator. If the damage is such that
overhead compartments, ceiling panels, etc. might be expected to separate and clutter the scene,
the occurrence may not be reported. Further, if the dévastation is such that participation of the cabin -
interiors as compared to other factors might be considered secondary in survivability of the
occupant, the participation may be unreported. While the absolute level of participation may equal
that of a less severe accident, the relative contribution may be significantly less. Finally, post-impact

" . fire may destroy visual evidence and survivors may not report conditions.

Consequently, the 45 accidents where citations have been made siould serve as an indication of
possible crash behavior of interior equipment. The 23 accidents where probable participation has
been assessed may not include all incidents. In some accidents where at least one part of the
interior participated, other parts have been deemed probable. o .




|

uonesedes 1809 —6'H 81nbiy

OSON IO uiely = N/W

pauyepun = N
fews = g
wnipey = W
obse =

S ey =4
BWNRI} =)

" - ewnes/end = 1/4
sxeaiq Besp Buim ="gam
. leeyjuey = j|
Jea) 8dBlNS 187007 = 1S

osdejjod o uonesedeg,

{ 1 1o 3 sayeiey
- In] 1 coa,ﬂaaom uojAd/Bu3
) v v edesog ] -
0 I I T ofeiosny
A STTWT T 1 epeeeng
e 1L ‘ 80M ._ 187 uey
l S | s.b. i 10508} o114
[Nl eson ] ureyy T I .o\m,aoo
YRR % % B o S %

SIUBPIOJE JO JBQWINN




Overhead storage compartments have been assessed with regard to separation, contents spillage,
evacuation blockage, and injury te occupants. Ceiling panels, sidewall liners, and class partitions
have been assessed for separation. This separation usually has some effect on egress. Galleys have
been assessed for contents spillage as well as egress blockage. These units are of particular concern
since they affect availability of the service doors as an egress route. These assessments are shown
in figure 4.10. Cabin interiors have been a major factor in evacuation in 12 known accidents and
probably in 14 accidents. Overhead storage has caused injuries in five known accidents and
" probably caused injury in three additional accidents.

Figure 4.11 shows interaction between other structural systems and the cabin interior system.
Crush of the lower fuselage is deemed to have cccurred in 52 of the 68 accidents. Fuselage breaks
are deemed to have occurred in 32 of the 68 accidents. Landing gear separation or collapse
occurred in 48 accidents and the gesr was retracted in 6 other cases. Floor distortion is deemed to
have occurred in 26 accidents. All of these interactions participate in severely loading the
structural supports for the cabin interior equipment. Fire was present in 41 of the accidents.

FUSELAGE BREAK ACCIDENTS (Excluding Fuselage Lower Surface Rupture)

Of the 153 impact survivable accidents used in this Survivability Study, 64 are known to have
experienced one or more breaks in the fuselage and 7 others probably also had breaks. Forty-six of
the 64 were fatal accidents. Available data indicates that 39.5% of the persons onboard in the 64
accidents were fatalities. The other 82 accidents in this study did not experience fuselage breaks
and 27 of these were fatal accidents of the persons onboard in the 82 accidents, 20. 6% were
fatalities. These data are ploited as follows:

Fatalities
Percent of total onboard

0 10 20 30 40 50 60
1 1 H 1 1 [
Fuselage b:eak
accidents
Total 64 J
Fatal 46 ]
No fuselage break
accidents
Total 82 o | -
Fatal 27 [ - o J

Of the 64 accidents experiencing fuselage breaks, 6 involved the aircraft touchmg down in deep '
water and 58 involved the aircraft touching down (impacting) on grmmd orin swampy areas mth
shallow water. Data on these accidents are plotted as follows:
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Percent of total onboard
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6
0 1 2 % i % 0
Accidents in
deep water
Total 06 J
Fatal 06 | . ]
Accidents on
ground
Total ' S8 7
Fatal 39 e ]
Deep Water Entry Accidents

Six water entry accidents in which the fuselage broke into several pieces had fatalities (36.8% of
those persons onboard were fatalities). In five of these accidents one section of the fuselage sank
rapidly — some of the passengers and crew probebly were ejected or fell into the sea without benefit
of survival gear and others were trapped -inside. The other sections floated briefly, allowing
evacuations into rafts or floating slides. In other accidents the fuselage sections floated briefly,
however 84% of those onboard drowned. Survivor reports indicated that in at least two accidents,
interior and carry-on debns blocked evacuation routes and in two other accidents some exit doors
were jammed. In lnot.her. the passenger compartment floor was displaced upward restricting
evacuation. .

There were also four accidents involving deep water entry in which the fuselage did not break, and
25.9% of those onboard were fatalities, most believed due to drowning.

However, in these accidents the aircraft floated at least 5 minutes and in moset cases 10 to 20
minutes, thus allowing adequate time to escape. [n three of the four accidents it was established that
the onboard rafts aqd float slides were not used.

It can therefore be concluded that in deep water entry accidents i. which the fuselage does not
- bréak, the survivor rate should be very high with proper crew mponae/acuonl using avulnble
eqmpment. Designing the fu-ehge to resist bmh or vpanuonn is desirable.

Ground Slide Aecidonu

Fifty-eight groundlhde accidents experienced fu;ehgé breaks due to main hndmg gear

separstion/collapee, excessively hard touchdown or hard flat/impact after takenff, touchdown in
areas of treedbuildinglobjecu or on rocky/rough terrain, or combimtiono of then conditions.

" Gear Separations — 8.6%— In 5 accidents, landing gear canpn or sepnrahon is behevod to have
contributed to the fuaehgc bnahnm that is, if gen had not failed the fi uaelnge may not have broken.




These are generally cases of the aircraft veering off the runway onto reasonably smooth terrain or
touching down on smooth terrain and then having one or both main landing gear separate due to
impact with a slightly raised road or small ditch. These five accidents resulted in a clean break in the
fuselage, wide enough for a person to be ejected, fall out, or step out. Approximately 11% of those
onboard in the five accidents were fatalities. Fatalities occurred in three of these accidents and i in
ecch case a severe fuel fire developed. The other two had no fatalities and no fire.

Hard Touchdown — 8.6%— In five accidents, the aircraft experienced a hard touchdown in a -
landing attitude or stalled after takeoff resulting in level attitude impact with sufficient vertical
load to cause the fuselage to break. Two of these accidents resulted in slight breaks/fractures that
- would not result in ejection of persons or provide a means of exit/evacuation; there were no
fatalities and no severe fuel fire. The other three accidents resulted in fuselage breaks that were
" wide enough to allow ejection of persons or provide a means of crawliny. stepping out during
evacuaticn. Of the 45 persons onboard in three accidents 64% were fatalities; all three experienced
severe fuel fires. There is a high probability of flame and smoke entering open ends of the fuselage
sections.

Aircraft forward speed was believed to be reasonably low in three of the accidents since the aircraft
were in a stalled condition at impact. In the other two accidents the aircrait touched down slightly
short of the runway at a high rate of descent, with forward speed probably 10 to 15 knots less than
planned.

Rough Gruund — 8.2% — In 48 accidents, the aircraft experienced fuselage breaks after touching
down on terrain where impact ovcurred with trees, poles, gulleys, ditches, embankments, raised
roads, etc. or where impact occurred with one wing low on a reasonably smooth surface (on airport,
marsh, dry lakebed, etc).

Lata on these accidents are tabuiated in the following chart. .

C—3 Onboard fatalities
SN Severe Fuel Fire
Percent of total
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1. Twelve accidents involved a slight break(s) or fracture in which fuselage sections did not
separate far enough for a person to be ejected or for a person to. crawl or step out during
evacuation (class 1). These accidents generally occur on or near the airport and as a result of
landing overruns, takeoff abort, or veering off the runway. Impact which caused the fuselage
break usually occurred after considerable brake action plus decelerations off the runway.
Only two of the accidents (16.6%) involved a severe fuel fire, and only 6.346 of the persons
onboard in these 12 accidents were fatalities.

2. Twenty accidents involved a clean, wide break in which the fuselage section remsined
basically intact but separated far enough for a person to be ejected or to crawl/step out (class
2). About 75% of these accidents involved severe fuel fires and 29.4% of the persons onboard
in these 20 accidents were fatalities. Approximately half of these accidents involved aircraft
speed at or near impact of 100 knots or more.

3. Sixteen accidents involved considerable destruction of the fuselage s=ctions and in most cases

the sections slid or traveled many feet after separation (class 3). During this movement '

persons were often thrown/ejected from the remains of the fuselage section. In some cases
ejected persons were killed from trauma, and in other cases the ejected persons survived
because they were thrcwn out of a fire or burn area. About 93.8% of these accidents involved
severe fuel finn nd 77.8% of those onboard in these 16 accidents were fatalities. In most
cases the aircra. ' speed at impact was well over 100 knots — two of these had an impact
speed of 188 and 271 knots, yet some persons survived. Many accidents in this group can be
considered to be only marginally survivable. ' ,

It can be concluded that the probability of fatalities in accidents resulting in fuselage breaks
during ground slides is closely related to aircraft speed at the time of impact that breaks the
fuselage. The group of accidents resulting in only slight breaks (class 1) had an aversge aircraft
impact speed of 57 knots and 6.3% of those on board were fatalitic *. The group resulting in a clean
{(but open) break (class 2) had an average speed of 83 knots and 29.4% were fatalities. The group
regulting in a torn fuselage (class 3) had an average speed of 136 knots and 77.8% were fatalities.
The grester the speed, the greate~ the fuselage damage and the greater probability of fuel tank
rupture causing severe fire. However, even in the worst cases, some persons onboard survived.
Design changes that would resuit in a stronger fuselage that is more resistant to fragmentations
should provide a substantial increase in survivability for those onboard. -

FUSELAGE LOWER SURFACE RUPTURE (Excluding Funhgé Break Accidents)

Of the 153 impact survivable accidents in this study, 57 aircraft are known to have experienced
considerable damage to the lower fuselage and little or no damage to the upper fuselage (above the
floor line). Seventeen of these 57 were fatal accidents, with 17.5% of the persons onboard being
fatalities. In addition to the accidents noted above, there are seven accidents that probably
experienced fuselage lower surface damage; three of these were fatal accxdenu with 45.8% of the
persons onboard being fatalities.

Lower surfacr damage accidents are divided into thne groupe for.atudy purposes: extensive
rupture, minor or moderate damage, and those involving water entry. Statistical data on these
accidents are tabulated on figure 4.12. The three groups are ducuued as follows: ,

1.  Twenty-eight accidents experienced :xtensive damage and rupture of the fuselage lowér

surface. Eleven of these were fats’ :ccidents with 27 .7% of the total onboard the 28 accidents .
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" being fatalities. A severe fire occurred in 15 of the accidents and 9 of these were the fatal
accidents. Six other accidents involved a minor or moderate fire with r.o fatalities.

2. Twenty-five accidents experienced moderate or minor damage of the fuselage lower surface.
Of these only three were fatal accidents, with 1.5% of those onboard the 25 accidents being
fatalities.

Six of these accidents involved a severe fuel fire, four involved a moderate or minor fire, and six
had no fire reported. Of the three fatal accidents, two had severe fires and one a moderate fire.

- Six accidents involved nose gear collapsing aft into the lower fuselage. One resulted in a
severe fire (friction ignited) which destroyed the aircraft and one resulted in a moderate fire
(friction ignited) which resulted in substantial damage. In another case of friction fire, the aft
fuselage broke and was dragged on the runway.

In desngn. the prevention of friction fires is treated by separation of flammable materials from
the proximity of friction sparks or heated structure. In operation, rapid action by the airport fire
fighting team has reduced the effect of the friction fire.

3.  Fouraccidents involved water entry; that is, touchdown in deep water or rolling into deep water
at high speed such that the lower surface of the fuselage was torn or ruptured but the fuselage
did'not break. Three of these four accidents resulted in extensive lower surface damage and
the aircraft sank rapidly. All three were fatal accidents with 18.1% of persons onboard being
fatalities. One accident resulted in moderate damage to the low er surface as the aircraft rolled
into water and came to rest on its gear with the water level at or slightly above the cabin floor.
There were no fatalities. These accidents were also discussed before, in this section, under

" heading “Deep Water Entry Accidents.” '

Lower fuselage tear or rupture generally occur when landing gear fails to support the aircraft. Thus,
scrubbing on rough surfaces (sometimes even on the runway) rips open the thin skins and body
frames. At the same time, wing box fuel tanks are also subject to rupture and fuel spillage. In 37 of
53 ground slide accidents the wing box was probably ruptured and, of these, fire occurred in 32 —
25 were severe fires and 12 were minor or moderate fires.

It can be concluded that the probability of fatalities in accidents resulting in lower fuselage tear or

rupture during ground slide is closely related to the occurrence of severe fuel fire. Flame and smoke

from fuel burning on the ground below and around the fuselage have, in many cases, rapidly entered

the ‘passenger area via openings in the lower fuselage. If openings had not been present. the

precious minute or two required for skin burn-through would probably be adequate for evacuating

most or all persons via escape routes away from burn areas. Of the 12 fatal accidents dunng ground
" slide, 11 had severe fire and cne had a moderate fire.

FUSELAGE FLOOR DISPLACEMENT

D:splacemem and rupture of the passenger floor has resulted in passenger ard crew injuries, and
has restricted movement of survivors to exits. In some cases the upward movement of th: floor has
" resulted in the jamming of doors or door frames and in other cases doors could not be opened due to
floor debris blocking the door. Generally, floor surface displacement is a result of the structural floor
beams being torn, ruptured, and displaced upwards by the impact forces of cargo, cargo containers,
separated landing gear or ground objects. The exception to this is floor displacement by the
hydraulic action of waterwhen the aircraft touches down in water or rolls iuto water at high speed —
in these cases the floor beam may not be displaced upward.




Of the 153 accidents in this study, 36 are known or reporied to have experienced passenger or
crew area floor displacement or rupture and probably in 4 other accidents. Statistical data on these
occurrences are tabulated in figure 4.13. For study purpcses, these 36 accidents are divided into
three groups: 15 that did not involve a fuselage break, 17 that did involve a fuselage break, and 4
that involved the aircraft touching down or ovemmmng into water. These groups are discussed as
follows: :

1. Oftheld aecidents which did liot have fuselage breaks, 8 involved displacement upwards of
the cabin floor as a result of the noee gear folding/collapaing aft into the lower forward fuselage
cargo compartment or electronic compartment. Displaced cargo or electronic equipment
forced the floor up and probably tore or bent the floor beam. In four of these accidents the
cockpit door was jammed, and in two the entrance door was jammed or blocked. None of these
were fatal accidents, however, one resulted in a friction-ignited fire at the nose gear tires which
spread and destroyed the aircraft.

Seven other accidents involved a ground slide in which the fuselage lower surface was torn or
crushed upward such that floor and floor beams were displaced upwards in localized areas. In
one of these a main landing gear assembly rolled/tumbled under the fuselage and caused much

. of the damage. In three accidents, an entrance door was jammed or blocked by the floor.
Paseenger seat elevations occurred in seven accidents which contributed to passenger
injuries. In three accidents passenger seat separaticas occurred. Accident reports in these
cases did not mention seat separation or floor dmplacement as interferring with
passenger egress.

2.  Seventeen accidenta which had fuselage breaks also had areas where the floor was displaced
upwards. These accidents tend to be more severe than those without fuselage breaks. If
fuselage separation is complete and wide enough for human and seat ejection, the impact of
passenger floor elevation or rupture is probably alightly minimized. In 13 accidents passenger
scat separation was reported, in 9 accidents seat elevation was reported, but in only 4
accidents was passenger egress reported to have been impeded. It is not known how much
impact the elevated or broken floor had on passenger egress. Passenger entry door jam was
reported in five accidents and crew door jam in two accidents. Cause of these door jams in
most cases could not be established with any certainty but was probably due to either floor
elevation/rupture or due to fuselage break if the break was adjacent to the door.

3. Crewlpn.enger ﬂoor elevation and rupture occuned in four accidents which involved the
aircraft touching down in deep water or rolling into water at high speed. In these cases the
lower fuselage surface was torn open and the lower (cargo) area filied with water. Hydraulic
action/pressure forced the floor panel upward, causing seat separation in two accidents and
seat eievation in three sccidents. Exit doors were found to be blocked in‘two accidents.

In one accident, the forward closet dislodged. It shifted forward in such a way that the forward
entrance door was partially blocked and delayed opening of the door. Also a section of floor
came up and provided an opening in whxch two of the crew fell into' the lower forward

compartment.

In another accident, nose ear separated a’nﬂ tumbled aft, forcing up and rupturing the lower
fuselage. Floor beams and floor panels were elevated causing passenger seats to tilt
backwards and block emergency exits on both sides of the fuselage.

Available accident data provides evidence that displacement, élevation, or dislodging of the
passenger/cockpit floor system in localized areas has resulted in passenger and crew injuries and
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has, in varying degrees, interferred with or delayed the evacuation of passenger and crew.
However, accident reports generally provide very little detailed information on this type of damage
unless it is related to the cause of the accident. Studies of these areas must rely on brief statements
and accident photographs which seldom “zero in” on the desired areas. It is concluded frqm reviews
of available data that a floor system more resistant to tear/rupture/separation, though still f!enble.
may reduce some of the debris and factors which are believed to impede evacuation of the aircraft.

ENGINE/PYLON SEPARATION OR COLLAPSE

Separation of an engine from the pylon or separatioa of the pylon from the wing or body often occurs
in accidents involving touchdown, short/hard touchdown, overruns, or veering off the runway. When
one or both main landing gear collapse during these types of occurrences, the probability of engine
pod damage or separation is increased. Generally, loss of the engine (forward or reverse thrust) is of
minor significance but rupturing of the engine fuel feed line (releasing fuel) and tearing of electrical
leads (causing arcing) can be a hazard because of the potential for a fire occurring st the fuel feed
line break point. The significance of this pylon break fire hazard increases if the wing fuel tanks are
ruptured and large quantities of fuel are released on the ground. It is believed that the engine and the
pylon break fires have been the ignition source for many of the fuel tank fires. Accident reports
seldom confirm or deny this, sirce it is not generally possible to establish from evidence at the

. accident site what actually provided the ignition source. In some occurrences, friction sparks from

wing or fuselage sliding on terrain may have caused ignition of released ta."k fuel only seconds or
microseconds before an engine pylon fire occurred. There is no known way to esw.blish the actual
sequence of the events. However, from a review of accident data, there sppears to be a relationship
between wing tank ruptures, severe fuel fires, and pylon break fires that indicates pylon break fires
probably provided the source of ignition for released fuel in many accidents.

Of the 153 accidents in this crashworthiness study, 94 involved aircraft with engines on wing pods
and 59 involved aircraft with engine pods on the aft fuselage. These two groups of aircraft are
reviewed separately.

Wing Pod Engined Aircraft Accidents
Of the 94 accidents (including known and .probcble occurences) involving wing pod engined aircraft,
67 (71%) involved rupturing of the wing box fuel tank and 68 (72%) involved collapse or separation of

the engine pylon to the extent that the engiae fuel feed line was torn or ruptured. The occurrence of
these two types of damage are shown in figure 4.14. ‘

Fuel fires originating at the fx;ncture of the engine fuel feed line in the pylon are reported to have

occurred in 12 accidents and probably occurred in 33 accidents. No fires were reported at this
~ fracture point in 23 accidents.

The proximity of the wing pod engine to the wing box fuel tanks has resuited in correlations between
engine separation, fuel tank rupture, and a severe fuel fire. Approximately 71% of the accidents
invoived rupture of the fuel tank and releasing fuel on the ground and, of these, 91% were considered.
large fuel spills such that the spill area probably was near or adjacent to the engine pylon location.

‘The study shows that 82% of the large fuel spills resuited in severe fires and, in 78% of these, a

ruptured engine pylon fuel line fire probably also occurred.

In numerous accidents, separated engine poda have roﬂe& or tumbled under the wing or fuselage as

‘the aircraft slides to & stop. However, accident reports seldom indicate that the pod ruptured the

wing box fuel tank in this movement. In most cases, investigators are probably unable to determine
what obects actually caused tank rupture. ' '
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39 4 5 2 1 2

ﬁigure 4.14-Engine/Pylon Separation/Collapse and Fuél Tank Rupture, Wing Pod Engined Aircraft
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Aft Body Engined Alrcraft Accidents

Of the 59 accidents involving aft body engined aircraft, 38 (64%) involved rupturing of the wing box
fuel tanks and 21 (36%) involved collapse or separation of the engine pylon to the extent that the
engine fuel feed line was torn or v»ptured. The occurrences of these two types of damege are shown
in figure 4.15. Of the 21 occurrences involving engine/pylon collapse or separation, 7 resulted from
a very hard touchdown, 7 due to impact with ground objecte, and 7 due to high vertical loads as the
aircraft slid over rough ground or impacted water. No-engine pod separations were known to be
caused by pod ground contact during aircraft slide on the lower fuselage.

Fuel fires originating at the fracture of the enginé fuel feed line in the pylon are reported to have
occurred in two accidents and probably occurred in five accidents. Reports indicate that no fire
occurred at this fracture point in 14 accidents.

Severe wing tank fuel fires occurred in 26 accidents but, of these, engine/strut fuel line fires were
reported in 1 and probably occurred in 5. This indicates that wing tank fuel, in 77% of these cases,
was ignited by something other than by an engine fuel feed line fire. In the other 23% (six cases) the
reports do not indicate or show evidence that the engine fuel feed line fire provided the ignition
source for the wing tank fuel fire. In most accidents, the investigators ere probably unable to
determine the actual source of the spilled tank.fuel ignition.

Engine Fuel Feed Line Fire Hazards

In the 153 accidents used in this study, loss or collapse of an engine or pylon generally creates a
potential hazard only if a fire occurs at the point of fuel feed line rupture and, if in flight, the fireis
sustained for poasibly 30 seconds or more. In wing pod mcunted engine aircraft, the hazard is
ignition of spilled wing tank fuel or overheating of wing fuel tanks to the point of explosions or skin
. burn-through. If tank fuel is not ignited, the engine strut fire itself generally has little impact on
pagsenger evacuation or survivability.

In aft body engined aircraft, the hazard is burn-through of the aft body sking and a fuel line fire
burning vital controls and systems within the aft body. These fires, being remote from the wing
. box fuel tanks, are a potential source of ignition of tank fuel only if the tank fuel is spilled in the
arez under or around the aft engines.

Conclusions:

1. . Engine fuel line fires caused by engine nMﬁon, or collapse are a hazard of.

underdetermined dimensions, particularly in wing pod engined aircraft accidents. The source
of ignition of spilled tank fuel is seldom reported and probably, in most casés, cannot be
actually ' determined.: Nevertheless, research should be accomplished in the ares of
minimizing the flow or volume of fuel relessed from a fiactured engine fuel feed line and
eliminating the sources of ignition of this fuel.

2.  Wing box fuel tanks have, on rare occasions, been torn open wﬁén ehgin'e pyion separates

from wing structure. Study should be accomplished to develop structure fuse pointa to assure
a clean strut separation. This could include clean fuel line sepanuon' and electrical lead
'aeparauom without arcing. .

=

Engine pylon separation or collapse often follows separation or collanse of one or more main
landing gear. It is not possible to determine from accident reports how many engine pylons
would not have separated or collapsed if the main landing gear had not collapsed. It appears,
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however, to be of a sufficient number to justify research in landmg gear design philosophy
and development of landing gear is more tolerant of travel over rough, soft terrain off
the runway.

CABIN DOOR OR EXIT JAMMING OR BLOCKAGE

Of the 153 impact survivable accidents studied, reports for only 47 accidents cited occurrences of
entry door, galley docr, cockpit door, or emergency exits jamming or being blocked by cabin
equipment, debris. or outside objecta. It is believed that door or exit related evacuztion problems
also occurred in many other accidents.

Fuselage breaks often provide a handy and expeditious means for some of the passengere and crew
to evacuate the aircraft. In 10 of the 47 accidents, where door/exit problems were cited, the reports
also indicated that some passengers and crew departed via breaks and holes in the fuselage. In
most cases these people could have also departed through available doors or exits. However, in a
few cases the fuselage break was probably the only means of escape.

In many accidents which involved severe fuel fires, some doors or exits coﬂd have been readily
- opened but were not used because of fire in that particular area outside the fuselage.

Available factual data relating to the 47 accidents citing door/exit problems are tebulated in figure
4.16. These data indicate that most occurrences (57%) involve doors at the front of the fuselage
and only 16% at mid-body and 27% at the aft fuselage. This ratio is expected since in ground slide
accidents the forward fuselage is the first to impact objects such as buildings, trees, poles, ete.
These data also indicate that forward fuselage doors iavolved jamming in 64% of the cases and
blockage in 36% of the cases. Doors in the aft fuselage had approximately the same ratio. Mid-body
exits, however, had this ratio reversed with blockage being 61% of the cases and jamming only
36% of the cases. [t is probabie that wing box structure provndes protection. from jamming of the
mid-body overwing exxts

* Considerizg all doors/exits, jamming is reported in 59% of the cases and blockage in 41% of
the cases. ' '

Jamming is generally caused b door frame distortions, however, accident reports seldom
provide much detail on how or what caused the problem. Floor-lift due to upws.d forces from
the cargo area ofien cause total or partial jamming of doors. The same upward forces may
also cause door frame distortion. In a few cases evacuation slides arc involved in door
jamming. :

Blockage is generally caused by collapeing of overhead storage compartments and release of
.the contents. This debris usually results in complete inability to open the door or exit.
Spnllage of galley contents occurs frequently, which tends to cause a delay in opening the
door. In a few cases displacement of a galley or coat storage compartment has caused door

blockage, particularly at the forward fuselage locations. . ‘

. The number of fatalities that were a direct result of door jamming or blockage can seldom be
determined or even estimated from available data. Of the 47 accidents in which door/exit problems
were cited, only 24 involved fatalites (2187 total onboard of which 753 or 34.4% were fatalities).

Of the 24 accidents with fatalities, 9 had 2 or more doors or exits jammed or blocked and 41.9% of |
those onboard were fatalities. In the other 15 accxdenu only 1 door or exit was )ammed or blocked
and 27.1% of those onboard were fatalities.
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From this study of door and exit problems during emergency evacuations, it can be concluded that

"survivability might be increased if flocrs and structure in the area of each entry and galley door be
designed to eliminate jamming of doors, and if overhead storage comp irtments be designed to
resist collapse and reduce door blockage.

WATER ENTRY

_Accidents in which aircraft impact water or come to rest in deép water involve special hazards. In
scenario type S13, 46.3% of the occupants drowned. There are 16 water accidents in the data hase
of which water was an important factor in 11 cases. These 11 casee are reviewed.

Water cases that are excluded are the 707 Oso accxdent, L-1011 Everglades accident, 727
Maderia accident, 727 Mexico City accident, and the 707 Rio de Janerio accident. These accidents
resulted in trauma fatalities for the most part, and water was only incidental to the sccident outcome.

Water entry accidents of concern appear to have some common factors. First, they usuaily occur at
night. Second, there is usually a relatively rapid loss of flotation resulting in a portion or all of the
aircraft sinking. Third, while there has been confusion, most occupants have been able to evaruate
the aircraft. Finally, many of the drowning fatalilies occur after the occupavis have left
the aircraft.

Assessment of the water entry accidents is showﬁ in figure 4.17. The accidents are divided into two

greupe: high energy impact and slide/roll into the water. There are eight hizh energy accidents. For
the Caravelle Maderia accident all that is known is that the aircraft touched down at sea, the fuselage
is presumed to have broken, and the numbers of fatalities and injuries. Consequently. it is classified
unknown. The DC-2 Palermo accident has a little data and is classified known, but is borderline.
There are three cases where the aircraft rolled or slid into the water. For all of these accidents the
fuselage experienced either lower surface crush or had one or more breaks.

In all the high energy impacts there was a 1oss of flotation attributed primar:ly to f:eelagz damage.
While tank rupture resulted in some loas of buoyancy, the msior effect of tank rupture was to expose
occupants to fuel (chemical burns) and to make everything slippery. .

The floor system was known to be disrupted in six of eight accidents. Disruption was due in part to
the hydrodynamic forces of water entenng the fuselage through the underside or through breaks in
the fuselage. A :

A part of this disruption resuited in displacement and elevation of floor beams with subsegnent
separation of seats, and also contributed o problems in the cvacuation of the aircrafi. In addition,
doors were jammed and debris from cabin interior systems was preseat. In the 727 Penskcola
.academ. water destroyed the lower funelage ruptured the body fuel lines, and separated asi engine.

' Accxdent.e where sircraft skidded or rolled into water experienced sumlar damage as the high energy

impact, but to a .eseer degree. However, close proximity of land, subetanually reduced drowning.
The 15 drownings in the DC-8 Rio de Japerio accident were &ttributed to disorientation of the
occupants after they evacuated the aircraft and to improper use of flotation devices.

After the DC-9 St. Croix accident, a special study (ref. 2) was made by the NTSB on water ditching.
Here, even though it was krnown that ditching was inevitable, 23 occupants drownec. There were
problems with life rafts, life vests, and seat belts. Other problems with this equipment were
encountered in the DC-8 Los Angeles accident. It is felt that incidence of drowning could be
substantially reduced by better location of life rafts. For mstance, placement of rafts above the exita
with external access might provxde better aeeessnbxhty '

...............
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 Improved crashworthiness might also be obtained by increasihg the resistance of the fuselage to

breaks and by increasing the resistance of the lower fuselage to water penetration.
ADVANCED MATERIALS

The applicaiion of advanced materials such as improved metal alloys and composites to structure
that has a significant crash function is now considered. As seen from the above discussion, the
conventional commercial aluminum jet transport aircraft designed to FAR 25 have demonstrated
generally good structucal crashworthy characteristics.

Consequently, those materials having fracture, impact and ductility properties similar to aluminum
might be expected to be applicable on a direct suvstitution basis without affecting crashworthiness.
Where the properties are dissimilar, such 8 for composites, questions are rmsed on how to maintain
an adequate level of crashworthiness.

There is little data available on the crash behavior of composite structures. The U.S. Army has active
programs direc*ed towards the application of composites in helicopters as part of the ACAP and in
sponsored research. In addition there are military research programs on ballistic damage to
composite structure. Results of these programs will provide valuable information. While these results
may not be directly applicable to the commercial jet transport, they may suggest approaches to
research that may be fruxtful

" Use and planned use of advanced composites in bot.h 'military and commercial aircraft is in & rapidly

expanding mode. Use of graphite/epoxy as a viable material for aerospace structures became a
serious consideration in the mid-1960s with the development of Thornel graphite fibers by Union
Carbide. Initially, use of the material was hampered by high cost and lack of technical data. Currently,
both of these factors have been alleviated so that extensive use of the material is both feasible and
advantageous. The impetus is the typically 20 to 30 percent reduction in structural weight that can
be realized with accompanying increases in fuel economy or aircraft performance.

The application of composites on mlhtary aircraft is moving rapidly. The F-18 has wing skins and tail
structines of graphite. The entire wing structure of the AV-8B Harrier is graphite, as are the forward
fuselage and tail. : .

Planned use of graphite on future commercial transport aircraft is aiso aggressive. The Lear Fan
aircraft is all composite structure and the Falcon 10 will have a graphite/epoxy wing box structure.

The 757 and 767 aircraft will have control surfaces of graphite. These include the spoilers, ailerons, .
- elevators, and rudders. Main landing gear doors will be a combination of graphite and Kevlar. There

are also scricus plans for other downstream uses of graphite on tke 757. These include use of
graphite for selected floor beams and for horizontal and vertical empennage inspar structures. Use of
graphite for such parts as the main landing gear beam and flaps is also under study.

Graphite composites are used on the 757 and 767 aircraft for some components. Most applications
are for secondary structure. Application in control surfaces follows Boeing’s successful program
with NASA, which tested and certified graphite/epoxy elevators for the 727. A similar program ia
underway for the 737 horizontal stabilizer. Graphite 737 stabilizer components have been
successfully ground and flight tested and certification is expected in the near future,

In considering the various aix;crnft parts which will be fabticnted_‘ from composites, it mustvbe
emphasized that these will be designed and tested to meet the requirements of FAR 25. As an
gx.ample, floor beams will be analyzed and tested to ensure their being able to withstand the
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stipulated 9 g seat forces. Simu.crly, crash load requirements will Le included in the design of other
components. The landing gear b is designed so that it will break away in event of gear collapse
so it will not puncture wing fuel -clls.

" The question becomes then, how will the structure react if the design crash loads are exceeded and
. importantly, in the event of a fire. 3elative to this was a recent study to determine if graphite

composites, if subjected to a catastrophic fire situation, might release filaments that would cause
widespread electrical shorts and cause f-ilure of proximity electrical equipment, for example failure
of power substations. In this case, NASA concluded after extensive study, that risks involved with
aerospace use of fiber carbon fibers were minimal. The potential loss rate was estxmated at an -
insignificant $1000 per year (ref. 3).

"Another important consideration is the mechanism for energy dissipation in a crash. This is to a great

extent dependent on the structural configuration. Most effectively, dissipation is by deformation
such as buckling or material elongation. The ability of structure to deform, however, depends
strongly on the construction materiale. Relative energy absorbing characteristics of materials are
geaerally indicated by the area under their load deflection or stress/strain curve. Metals benefit from
their relative high elongation capability or ductility. Fibers in composite structure by nature remain
elastic to failure and have low elongation capability, thus their energy absorbing capability can be
expected to be low. Differences between the two materials is demonstrated in figure 4.18.

Another meaningful comparison that can readily.be made is elongation to failure. Graphite laminates
typically fail at apptoxunately 0.8 to 1.0 percent strain while 2024-T3 aluminum typically sttams to
10 to 12 percent. , ’

Some apparent ductility can be ga‘ned by stressing in shear or by testing axially with the fibers

- oriented off-axis, say at +45° to the test axis. The shear case is demonstrated by a curve for a Kevlar

fabric laminate in figure 4.19. Some gain in effective ductih’ty may be obtained by off-axis
reinforcement in multidirectional laminates, however, thec gain is suspected to be small. Seemingly,
when fibers inline with the load fail, load should be transferred to off-axis fibers with greater strain
capablhty to absorb additional energy.

However, when the inline fibers fail, the effect, unlike a ductile case, is very dynamic and it is unlikely

significant energy is absorbed. This irstantaneous energy release is demonstrated by noting the

three-piece failure of a graphite multidirectional laminate tension specimen in figure 4.20. In some

~ cases, specimens may fail in 4 to 5 pieces as a result of initial failure induced shock waves.

A more effective method of improving energy abeorbing characteristics is to add reinforcement
fibers with higher strain capability. Examples are to use glass or Kevlar fibers. The effectivity of using
hybrid techniques to.improve impact properties has been demonstrated by use of an instrumented
Charpy test. This is described in reference 4. While the conventional Charpy test is only concerned
with total energy. the instrumented test differentiates between the uutmtxon and propagatxon phase
to give a ductility ;ndex This is illustrated in ﬁgure 4.21.

The improvement in energy abeorption characteristics of the graphite by two levels of Kevlar fiber
additions is indicated by the total enérgy and ducuhty index figures in table 4.7. The improvement is

significant. -

Other areas of concern mlaﬁve to-composites and crashworthiness are as follows: ' '

1. ' Fuel containment in wet wings




Stress, ksi

Stress, ksi

150

Typical stress-strain curve for 0/90° GR/E fabric

IOOJ

. .
.‘ Typical stress-strain curve for aluminum
R
50 .\.....
& o%%
L JSK Y
[ X 0’.‘
’ %%
- 03000%,
R O O .’.‘
000%% %
0 S ,
0 : 2 4 . 6 8 10
*Area under the stress-strain curve % Elqngatioq or strain
(inches/inchy)
Figure 4.18-Comparison of Apparent Energy Absorbing Chéracteristics* of Graphite
Epoxy Laminate and Aluminum
20 T T
————————————
0/90 direction
10
5 350" F cure ]
Laminate -
Vy = .69
0 ' -
0 0.01 0.02 0.03 0.04 0.05 006 - 007 0.08 0.09 0.1

Strain, (in./in.)

Figure 4.19~Shear Strese-Strain for Keviar-49/5208 Style 181 Fabric at R.T., Dry - =

.89




S100443 8ABM ¥O0YS paonpuy
ainjie4 Bunensnyy uswioads uojsua) aydels) e Jo sinje4 82aid 8diyl-02-F 8.nbi4




Load, F

"

Initiation

phase E= Iva

E=IE,+EP

Propagation phase

////l.

' Ductility index

E,.
_°p
DI—E

1

Time

Figure 4.21. - Schematic Representation of Load History in an Impact Tost

Table 4.7-impact Properties of Unidirectional Composite Materials
' as Determined from Instrumented Charpy Test

e . Apparent Total Energy Per Unit Area
Reintorcing Flexure ft-1bfin.2 (Jimd). Ductility
Fibers - Strength Index
ksi (MN,m?) Dial Oscilloscope

HMS-graphite 125 (860) 3.8 (8 X 10%) S .38(8X 103 0.0
20%kevlar 49 170 (1170) 34.3(7.2 X 104 30.5 (6.4 X 10%) - 6
80% HMS-graphite ' .
41% kevlar 49 141 (970) 46.7 (9.8 X 104 42.9 (9 X 104 4
59% HMS:graphite . R - :

The first value was based on tha onset of nonlinearity. The number in parenthesis was based on maximum stress.
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2.  Smoke toxicity for interior cabin uses
3. Bum-through rates for fuselage applications

Fuel containment characteristics might be expected to be inferior to the metal wing. This is primarily
due to the material being unable to plastically deform and still remain intact. Tear resistance of the
material is high however, and failures tend to be of a delaminar nature. Thus, penetration damage
may not be as severe. Also because of a lower density, structural inertia loads will be lower.

. Smoke toxicity is not currently considered to be a problem. Risks are consistent with occurrence of

other similar material now in the internal fuselage area.

Burn-through rates for composites are expected to be lower than for conventional aluminum. The
graphite/epoxy will melt and the fiber char while the aluminum will melt. The much lower thermal
conductivity of the composite (3 BTU/°F, hr, ft, ft2, as compared to 80 for aluminum) will give it a
decided advantage in deterring through-the-thickness heat transfer.

In order to assess the crash performance of composite structural components, it is necessary that
the performance of current metal components be known quantitatively. Differences in crash
response modes and the performance of the crash function may then be compared for each
component. With improved analysis and test methods, design provision may be made for occupant,
protection. ' :

Crash performance of advanced material components must be assessed in the context of the
complete airframe. Implied reduction in energy absorption seen in coupon tests may be offset by
design innovation in the structure, by use of parasitic crushable energy absorbers in key locations
such as seats and lower frames, or may not even exist. The entire concept of occupant protection
may need to be revised. Optimization studies of occupant protection strategies should be made.
Research is needed to evaluate these advanced concepts.




5.0 "TURRENT STATE OF CRASHWORTHINESS TECHNOLOGY

An overview of the current state of crashworthiness technology is presented in this section. The
U.3. Army’s Aircraft Crash Survival Design Guide (ref. 5), which provides a crashworthiness
technical base for light aircraft and helicopters in military applications, is reviewed for
applicability to commercial jet transport mrcraft

Analytical methods for modeling the occupant response to a crash environment are reviewed and
assessed. Human impact tolerance is reviewed and problems of relating impact injury to
engineering quantities are discussed. In addition, the applicability of generally recognized
t~lerance limits to the population of aircraft occupants is considered.

The status of analytical methods for treating nonlinearities in inelastic structural behavior and

large, deflection geometry is reviewed. A review of crash tests of complete aircraft and of
experimental testing of structural components has been made. A survey of impact test facilities is

presented and problems of testing complete commercial Jet transport sircraft aund structural

components is discussed.

An assessment of cirrert crashworthiness technology as applied to commercial transport aircraft
is made. Requirements tn improve crashworthiness engmeenng are presented and research to
develop the necessary technology is discussed. :

REVIEW OF U.S. ARMY CRASH SURVIVAL DESIGN GUIDE

The guidelines proposed in the new U.S. Army’s Aircraft Crash Survival Design Gmde have been -

examined to 1denufy areas relevant to commercial airplancs.

The Aircraft Crash Survival Deeign Guide contains a summary of material that provides a
background on crashworthiness in general. Specific application of the guidelines to commercial
aircraft has been assessed. Appendix D presents a detailed synthesis of principles, practices and
comments based on abstracting the Guide and incorporating other experiences, opinions and data.

The new U.S. Army’s Aircraft Crash Survivai Design Guide defines 24 number of goals that the U.S.
Army desires to achieve in order to improve protection in Army aircraft. Evolution of thase goals
into rlear-cut design criteria is a continuing process; this third update of the Guide incorporates
feedback from interim experience, points out the likely need for design trade-offs more clearly
than the previous editions, and as clearly points out compromises will likely remain after all
possible trade-offs are complete. Two factors emerged from investigation of the Guide that bear
comment: the autonomous rcle the Army has in exploring new concepts, including freedom to
waive requirements; and the distinctions in velnclee and corresponding impact conditions from
Army aircraft to. large commercml aircraft. .

" First the autonomous role of the Army and the axrcruft they fly gwea them many opnons in

exploring protective provisions. They have smali vehicles (less thaa 20-passenger maximum
capacity and more typically less than 5) with relatively clear-cut 1mphcahona and ramifications for
any changes that might be considered.

Additionally, as specification engineer, purchaser, and user, the Army is in a position to review
trade-offs and waive goals, guidelines, and criteria when warranted. Under current regulatory
procedures, this is not poesible in the commercial environment; requirements, once established,
may not be waived. This helps to clarify why goals, guidelines, and criteria are not clearly
distinguished in the Army's Guide; such waiver autliority makes it possible to emphasize

..........................
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“maximum poasible protection” and explore new concepts. Autonomous planning, purchasing, and
user rol~s also make it more feasible to explore and appraise ideas that can not be-easily’

determined or demonstrated by analysis or may be interpreted differently by individual reviewers
(e.g., “provide as much protection as possible”). . )

Other industry segments have a different circumstance; by design necessity, objectives are based
on minimum acceptable requirements for adequate protection under given circumstances.

Objectives are justified as actually being proven and beneficial, the waiver authority used in the -

Army does not exist in the commercial environment.

Secondly, there is considerabie difference in likely impact characteristics between the ‘sméll,vrigi‘d

body aircraft used by the Army and the large, flexible body aircraf! used commercially Army
goals are based on systems which will suffer a larger range of impact attitudes and higher impact
loads. For example, spin-in and rotor thrashing causes large lateral forces and upside down
impacts that are essentxally unheard of in large fixed-wing aircraft. Additionally, there is a
marked difference in inherent energy absorbing features between the two airplane types. For
example, the small airplane has a much smaller subfloor volume, fewer structural members, anda

correspondingly more rigid structural area to absorb energy than exists for the iarge cross section

of the flexibie-body aircraft. Some of the resulting implications are inferred in the Guide. They
point out, for example, that cargo tiedown criteria from the Army Guide are much larger than Air
Forre practices, but acknowledge that there is no statistical reason to change Air Force criteria.

The above describes some of the reasons to question direct transfer of guidelines or specifications
from the Army Guide to commercial systems. Although many of the principles apply, are relevant,
and are practiced, criterion bases are clearly different. Relevant criteria have been abstracted and
collated from the Guide, and the resulting interpretation and commentary is presented in
appendix D. The new Guide updates previous guidelines and goals based on Army’s experience and

their recognition of broader research and development activities over the last 10 years. In addition

to data in the Guide, new information continues to be developed and earlier information continues

to be clarified. Some such information is added to Guide mformatxon in appendix D (e.g., for‘

tolerance and restraints).

The review of the Guide suggests some research topics and tools that are warranted, can be worked

usefully, and will improve the technology for impact protection. Army gnals to improve °

survivability forimpacts of small aircraft include four major areas: (1) system design for structural

integrity, energy absorption, and post-impact provisions; (2)design principles for impact

protection via aircraft seats, restzuints, litters, and padding; (3) modeling and testing methods for
appraising impact loads, Joad paths and their effecte; and (4) human impact ‘vwlerance

_ and protection.

System design considerations in the Army continue to empnasize energy abeorptlon and postcrash

protection. Newly under consideration are possible ways to avoid reduction of and mtrusxon mto .
‘occupuble volume caused by .impact loading. -

Energy aboorpt.\on at the structural level remains a dxfﬁcult concept to desngn and control.
Abeorbing provisions include geir, wings, fuselage, seats, litters, and restraints. Dynamic

. interactions at the system level are so complicated that final resolution of questions by the Armyis
still by teet — full-scale drop tests are practiced. However, several computer models providing full

system simulation have been under dzvelopment for several years and are approaching stagee
where they should be challenged by attempts at real cahbrat.xon and application.

Postcrash survival contmues to receive very heavy emphas:s in commercial systems. A major




government/industry program is being carried out thet has multiple obje tives, including: to
improve control of fire, develop new materials with improved charactens"xcs, and develop a more
‘heat resistant escape slide.

Evidence is starting to emerge suggesting feasibility for some concepts, but limitations remain to
be resolved. Four examples are: (1) fuel inerting actuation by impact acceleration, may work on
impact, but may also actuate at altitude in turbulence acceleration; (2) hec.c resistant slides are
being developed, but some may not be stowable without major changes and. others may have a
short storage life; (3) some design features for contrcl of fuel line disturbances are proving
effective; (4) computer simulations of some processes are being explered, for example, simulation
of fire propagation to improve understaading of and ability to control fires, and simulation of
evacuation performance -to provide an improved engineering tool. These are in the early
exploration stages and should be continued.

Design principles emphasizing energy absorption concepts for seets, litters and restraint systems,
are evolving at a more rapid pace. Load limiters are being considered as peak load alleviators to
help maintain some degree of system integrity. They provide increased assurance the seat
occupant will remain in place, and will not be subjected to loads exceeding his impact tolerance.,

"Modeling epproaches simulating energy absorption characteristics at the seat-restraint level are

- demonstrating feasibility as a design tool (see Occupant Modeling Methods, following). They could
be used to explore and develop effective energy abeorbing seat-restraint concepts, and offer a cost-
and time-effective approach to res.lving energy abeorption questions for the new composite
materials technoiogy. But stronger does not automatically mean safer, and a rigid 20 g seat will not
necessarily provide the protection of a ductile seat that starts yielding at lesser loads. Composites do
not feature the sare ductilities as metals, and consequently possess different energy absorbing
characteristics. Accordingly, use of composites may require alternative design concepts (e.g.,
different seat leg design) in order to benefit from the desipn advantages of camposites without losing
the energy absorption features of the earlier metal seating systems.

Modeling coupled with testing could become a meaningful combination for developing and evaluating -
system design concepts. Some existing models for structure, seat, restraint, and occupants could
be calibrated to real world observations, integrated into a single system concept and used for -
advanced concept evaluations, for identifying specific data and test needs, and for predicting the
. outcome of major system tests. An overview of the inodels .aat could be used for this purpose 8
. presented in table 5.1 ,

The desirable approach would be in two phases. First, experience with the various models is now
sufficient, and it should be feasible to develop a detailed specification to define and develop a series
. ‘of modules to permit exploration and development of individual elements that could be combined to
estimate the performance of the accupant, restraint, seat, and structure. Second, it i8 necessary to
develop and demonstrate calibrated three-dimensional performance against real test data, and
define ground rules for appropriaté use of 2-D and 3-D models. Some models, such as
PROMETHEUS II1, are two-dimensional but can demonstrate a high degree of accuracy in predicting
to a test sicuation. Some added {~atures may be needed to complete 2-D applicaticns potential (e.g.,
in simulating an energy abeorbing, deforming seat). From this result, and associated knowledge it will
be essy tw identify and develop 3-D refinements. The 3-D capability would complete occupant
deveiopment ne2ds and alao help to discrimizate when 2-D and 3-D models migl : be appropriate. -

Human impact tolerance data continues to b in dire need. Data, indices, and estimates of tolerances
are limited in both accuracy and scope of applicability. Obviously, tolerance limit data are not readily
scquire 1. However, new data below the tolerance hazards continues to be generated and will be
needed to reduce or eliminate the current constraints on data (see Human Impact Tolerance. and
app. D).




Table 5.1-Plan for Developing Neeaed Models

B ' X v Develop/calibrate Predict to
Needed Appraise Decvelop specification  podels/modules New tests
Model/module Potentially Synthesize elements Refine synthesized
Purpose - .Usable models* From known models  Model(s)

PROMETHEUS Il
Occupant SOM-LA . _ '
Simulation CALSPAN OCcCul Laboratory data Planned
ATB (articulated Army drop tests 1984
total body) NASA tests NASA-FAA
Restraint PROMETHEUS i DC-7 test Drone
Simulation SOM-LA RESTR 1 Constellation Test
ATB , : Test
FAA tests
: PROMETHEUS 1l :
Seat SOM-LA
Simulation DYCAST SET 1
' KRASH ,
ADINA
DYCAST
Structure/ KRASH
Fuselage ADINA . STRUK 1
ACTION

*Improvements in existing models might be accomplistied by including small packages such as the FEAP 74
structural contact model ’ :
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More definitive research is needed for effective use of human tolerance data. Here, too, since
tolerance limit research is impractical, models may be useful to explore tolerance in controlled
tests to establish exposures in accidents and thus to update the data base using results from real
accidents.

OCCUPANT MODELING METHODS

Numerous dynamic models of the human body have been developed for crash impact analysis to
predict the response of the occupant, restraint and/or seat systems. One-, two-, and three-
dimensional models have been developed. More broadly described in this present report are:

1. Dynamic Response Index (DRI) (ref. 6)

2. Seat Occupant Model: Light Aircraft (SOM-LA) (ref. 7)

3. PROMETHEUS (now PROMETHEUS @I, ref. 8), two-dimensional, restraint performance
integrated with body dynamics and other outputs similar to SOM-LA

OCCUPANT MODELING SUMMARY

Three occupant-simulation computer programs are evaluated in the following discussions for their
ability-to produce useful engineering data regarding relative safety of a restrained occupant: a 1-D
model (DRI), a 2-D model (PROMETHEUS {II) and a 3-D model (SOM-LA).

The one-dimensional model (DRI) is usable only for seat ejection evaluation and is of no use for .
evaluating the safety of commercial aircraft. The two-dimensional model (PROMETHEUS HI) is
suitable for producing sophisticated engineering trade-off data and is being used for this purpose,
subject to the limitations imposed by the 2-D nature of the simulation. The 3-D model (SOM-LA)
needs modeling improvements before being usable for engineering purposes. Needed
improvements are technically difficult and fall into the realm of applied research. Althouga SOM-LA is
not currently adequate for evaluation of restraint system performance, it provides a rough
approximation of the gross motion of the occupant for purposes of approximating the dynamic loads
on the structure. The possibility of merging these programs with a large finite-element computer
program such as DYCAST will be also considered and a procedure for accomphshmg the merging
will be proposed.

PROGRAM CALIBRATION

Computer modeling of nonlinear transient structural dynamics is a relatively new technology, and
standards defining a “good” structural dynamics computer program are still evolvmg (Occupant-

simulation is a special type of structural dynamics). As a consequenct;, each new structural
dynamics computer program must individually earn acceptance in the engineering community
before its calculations will be utilized by designers. .

There are two aspects to acceptance:

1.  The program must produce believable results. That is, predicted dynamics should appear
reasonable and credible to the designer, and the designer should be confident that the
progrsm models the main dynamic effccts. To enhance believability, the program output

, should contain, in readable form, information: vhich assists the designer to understand the
dynamic events (such as time histories of system forces). Graphic aids are also helpful.

2. Program accuracy must be demonstrated. ,That is, demonstration of capability to reasonably
aredict an actual test. Achi,eyement of predictive accuracy is usually a very difficult and time

-
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consuming process for occupant simulation codes because of the nonlinear nature of the
problem and the difficulty in obtaining measured values for input dynamic parameters.

Orne approach was applied in evolving a calibrated level of performance for PROMETHEUS II.
Instrumentation data from several sled tests were obtained from CAMI and physical data for the
anthropomorphic dummies were obtained (limb weights, measurements, and spring constraints).
These were systematically refined by sensitivity testing so that properties could be estimated
where measured data could not be found.

One of the CAMI tests was then simulated by PROMETHEUS. When the initial simulation did not

provide satisfactory correlation with test data, the problem was attacked from two directions.
First, it was evident that the restraint system model in PROMETHEUS was inadequate, so a more
sophisticated mathematical model of the lap belt and shoulder harness was developed and added to
PROMETHEUS. For example, the lap belt was refined to permit the slipping associated with
submarining, the shoulder harness wa:. refined, and chest/shoulder flexibility was added teo
appropriately incorporate harness/body interactions and slipping of the harness on the shoulder.

The second approach, which was attempted concurrentiy with the first, was to parametrically vary
the mechanical properties of the simulated occupant (such as neck stiffness and damping) in
PROMETHEUS simulations and note the resulting trends. Parametric variations helped provide a
“feel” for the occupant dynamics and served as sensitivity studies to identify the important
dynamic parameters. Some dynamic effects were observed which were not influenced by the
parametric variations. Additional modifications were made to the mathematical modeling in
PROMETHEUS and parametric evaluations completed to approximate these effects. Additional
cycles of modeling improvements/parametric variations continued until correlation with actual
test data was achieved. The resulting modeling changes to PROMETHEUS were quite extensive;
so much so that the correlated model was renamed PROMETHEUS III. Figure 5.1 summari_es
parametric variations and modeling changes required to achieve calibration. After calibration, an
independent test case was simulated with PROMETHEUS, producing good agreement with actual
test results involving a real Part 572 dummy in sled testing. Figure 5.2 indicates the correlation
finally achieved.

REVIEW OF OCCI'PANT-SIMULATION COMPUTER PROGRAMS

Three occupant-simulation models are reviewed below. These are a one-dimensional model (the
spring-mass model associated with the Dynamic Response Index), a two-dimensional model
(PROMETHEUS 1II), and a 3-D model (Seat-Occupant Model: Light Aircraft). '
The models are examined from two viewpoints: first, 88 a tool for engineering design of a
sest/resiraint system; and second as a possible candidate for integration into a large structural
dynamics simulation computer program, in order to model the complete system (aircraft, seat and
cccupant) in a smgle simulation.

ONE-DIMENSIONAL MODEL-DRI

A one degree of freedom dj'rmmic-respoqse model of a huma;l occupant has been proposed (ref. 6).
The model consists of a simple linear spring and damper and a point masa. The spring is sized by
the compressive stiffness of the lumbar verte"rae and the damper is sized by human vibration
tests.

The DP1is an injury scale assocmted with this moda l The DRI fora deceleratxon pulse is the ratio
of the peak compresswe spring force which occurs when the model is excited by the pulse to the




weight of the point mass. To associate tolerance levels with the DRI, the DRI was calculated for
existing ejection seat designs. Computed DRI values were plotted against the percentage of
ejections in which spinal injury occurred; the curve thus obtained represents an approximation of
injury probability as a function of DRI

Both the simple occupant model on which the DRI is based and the DRI itself are very limited in

application. The simple model could only be used for cases in which the loading is purely vertical,

that is, + G such as in ejection seats. It is obviously not applicable to model a restrai~ed occupant
under forward loads; in this case, the main effect is the combined stiffness of the restraint system
and the occupant’s pelvm/chest Even for +G, acceleration, the model is difficult to use since
potentially significant effects are neglected, such as the effect of seat pan stiffness.

The DRI is based on a model which does not adhere closely to the actual dynamics of an ejection.
Seat pan stiffness is not considered nor is distribution of body mass along the spine nor the weight
of the occupant. Thus the DRI can be expected to produce useful data only in crashes which are
similar to a seat ejection—that is purely +G, acceleration, seat pan stiffness similar to the
stiffness of a fighter pilot’s seat and the occupant tightly restrained.

The US. Army's Aircraft Crash Survival Design Guide says of the DRI:

“Although the Dyhamic Response Index (DRI) ... is the only model correlated extensively for,

ejection seat spinal injury prediction, it has serious shortcomings for use in accident analysis.
it assumes the occupant to be well restrained and erect, so that the loading is primarily
compressive, with insignificant bending. Although such conditions may be assumed for
ejection seats, they are less probable for helicopter crashes, in which an occupant may be
leaning to either side for better visibility at the time of impact. Further, the DRI was
correlated for ejection pulses of much longer duration than typical crash pulses.

“A more detailed model of the spinal column would yield more realistic results, but injury
criteria for the more complex responses have yet to be developed. Consequently, the DRI is
not recommended as the criterion for use in designing crashworthy seats.”

REVIEW OF PROMETHEUS III' AND SOM-LA

The following discussion reviews and compares the 2-D program PROMETHEUS I (ref. 8) and the
3-D Seat-Occupant Model: Light Aircraft (SOM-LA) (ref. 7).

PROMETHEUS 1II was developed at Boeing in a series of applications for different pdrpose_s,

. starting from the Dynamic Science program SIMULA. The focus of PROMETHEUS III, has been
‘on accurate modeling of the occupant and restraint. system. PROMETHEUS I1I has since been used

extensively to develop data for assisting in engineeting design decisions. SOM-LA development
was sponsored by the FAA through a series of contracts with various companies and universities.
Emphasis in SOM-LA development has been on the detailed seat model. An improved version of

SOM:LA, termed MSOM-LA was completed under number DTFA03-80-C~00098 The occupant .’

‘mordel has been upgraded in MSOM-LA.

DEVELOPMENT OF BASIS OF EVALUATION

Occupant-simulation using PROMETHEUS M computer program has been developed and
demonstrated sufficiently to be used in the engineering design process. This experience is drawn

upon to establish criteria for continued evaluation of occupant-simulation computer programs.

191
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Design questions for which PROMETHEUS Il sxmulatlons provided engmeermg data were quite
varied; the common denominator being relative occupant safety. Due in part to the limitations of
existing buman tolerance data, it is rarely possible to predict with certainty whether injury would
have occurred in a given crash on the basis of a computer sim. 'ation. Similar questions may slso be
unanswered in dummy tests. In moat cases, computer simulation is the only practical method for
obtaining design data for specific questions, and on a timely basis. To be usable for design, an
occupant-simulation computer program requires two major attributes.

First it must be able to model a genera] structure (nct just a seat), and be able to model contact

between the occupant and any part of the structure. (For example, impact of an occupant with the

seat ahead).

The second feature is that the program must provide data wlnch msay be used for estimating
coraparative injury potential. This means that:

1. The program must have been calibrated by predicting test data (preferably from live human

tests).

2.  Time histories of forces acting on individual body segments ¢f the occupant model should be
printed and/or charted.

3.  Time histories of torques acting in joints of the occupant (e.g., the elbow) should be pnnted
and/or charted.

4. Time varying internal loads actmg on flexxble body segments (such es the lumbar spine)
should be printed andlor charted.

Of course, the standard software features relating to ease of program use are also desirable—that

is, ease of input, automatic data checking, legibility of output, and availability of graphic aids.
COMPARATIVE EVALUATION OF PROMETHEUS IIl AND SOM-LA

Figures 5.3, 5.4 and 5.5 constitute checklists of features needed for engineering design usage of
occupant-simulation computer programs. Checklist items were obtained pragmaticallv from
experience in using PROMETHEUS III to develop design data. The amount of use of PROMETHEUS
III justified incorporation of most checklist items into this program; consequently the lists serve
mainly to indicate desirable improvements in SOM-LA. The main improvement in MSOM-LA is an

improved seat, capatle of modeling energy absorption. The occupant model has also been. 1mproved

by the incorporation of a flexible segment represent.mg the lumbar spine.

The major “deficxency in PROMETHEUS m is that it has only been poasible to perfox;m limited,
exploratory calibration against live human test data and for similar reasons limited exploration of
seat model dynamics. Added calibration of this type is desirable. A benefit of 2-D modeling is that

mechanisms within the 2.D PROMETHEUS III model are easier for the analyst to comprehend.
than those within a 3-D model, giving an advantage for initial use of a 2-D model in calibration -

efforts, Other than development, which may be required to achieve such calibration, further model
evolution must consider limitations intrinsic to the 2-D nature of the model and distinguish the
conditions for using a 2-D or a 3-D model. Of course, current uncertainties in the level of human
tolerance to transient loads are a constraint that must be observed for either 2-D or 3-D modecls.
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Feature Prometheus i1' SOM-LA MSOM-LA
, .. {Note 1)

1 Occupant
Segment masses. length. 1.0 1.D 1.0
inertias, ¢.g.’s. .

Mechanical properties LD D D
of joints

1 Restraint system
Mechanical properties of 1,0 | |

lap belt .
Mechanical properties 1,D i |
of harness,

] Seat _ .
Geometry 1,0 | !
Construction 1,D D 4
Mechanical Properties 1.0 | )

v Crash Pulse 1,0 | 1

vi Interactive (conversational) X - -
input feature

I =Input,D = Defaqlt.(i.e.. supplied by program)

Note 1: It is assumed that the MSOM-LA input is essentially the same as the SOM-LA input.

Figure 5.3-Comparison of Program Input Features
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Restraint system
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Harness load
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Crash pulse

Printer plots
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(vs time)
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It is assumed that the output teatures of SOM-LA and MSOM-LA are essentially the same,

Figure 5.4-Comparison of Program Qutput Faatures
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***  Preliminary calibration accomplished.

Figure 5.5-Comparison of Béqic Modaeling Features

_**. . According to the SOM-LA developér. Dr. David Laananen, this feature does not work in SOM-_LA but doei in
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SOMLA could benefit from both human data calibration and model improvement {from the standpoint
of usefulness for engineering design). There are two major modeling deficiencies — the restraint

" system mode! and the difficulty of modeling nonstandard seats and structure. Both represent difficult

modeling problems in a 3-D environment, and methods developed to simulate these features in the
2-D PROMETHEUS III computer program can not be readily generalized to three dimensions.

SOM-LA has a very primitive restrairt system model. Restraining belts are pinned to the body, so
realistic modeéling of a restrained occupant is impossible. SOM-LA also has limited flexibility in the
type of restraint system which may be modeled. Nonstandard configurations, such as restraint
gystem with crotch or thigh straps could not be simulated. In addition, harness friction is
implemented incorrectly (friction is crudely and incorrectly simulated by reducing tension in the strap
segment running from lap belt to shoulder by 12%). Another sericus defect is that chest

compressibility (which effects shoulder harness loads) is not modeled.

Accordingly, this simple restraint system model is inadequate for engineering design use for
evaluating restraint system performance. It introduces uncertainty into predxcted body loads and

" " accelerations, since dynamic performance of the restraint system i is one of the primary sources and
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conduits of transmission of crash lcads to the occupant.

* The second major SOM-LA deficiency is the limited simulation of structural configurations. It is

possible that more generality is available in MSOM-LA. In addition, it is desirable that MSOM-LA be
capable of simulating conta~t between the occupant and an arbitrary structure (e.g., the back of the
seat ahead). This finite-element “contact problem” is difficult and is the subject of current nesearch
(e.g., ref. 9).

In addition to these research improvemer.ts, several improvements would enhance usability of the
code:

1. Calculate and display time histories of loads acting on the occupant (e. g spinal loads,
segment forces, joint toiques).

2. Improve the algorithm for computation of joint torque.

3. © Add printer plot “snapshots” of seat and oocupant for credibility and for appraising occupant
location at selected - times (two views) for companson with slow motion movies.

INCORPORATION OF SOM-LA INTO LARGE CRASH DYNAMICS CODE

It may become necessary to predict dynamic interactions of occupant and floor structure. Simpie

predictions may be possible with SOM-LA. Action has been started within the government to’

combine the 3-D SOM-LA with a large finite-element computer program (e.g., the 3-D DYCAST) in

order to model-an aircraft crash in a single simulation to more properly couple the dynamics of’
occupants and aircraft structure. To accomplish this, it is suggested that the occupant/restraint

model be extracted from the SOM-LA occupant/restraint/seat model and packaged as a super-
element. The occupant super element would then be inserted into the large finite-element programs
as a module. Althnugh, as noted, improvements in the SOM-LA restraint system model are needed to
model occupant dynamics accurately. The existing SOM-LA occupant/restraint sysiem model would
probably be adequate fo. *he purj..ses of calculating the gross dynamics of the seat system.

The finite-element code would be utilized to model the seat — .that is, the SOM-LA seut model would -

not be used. (This presumes the development of a general contact model to simulate forces acting




between the seat and occupant.) The contact model would be used to sunulate seat cushions. This
concept has three advantages:

1. Simulation of multiple occupants becomes possible (e.g.a “triple” seat).

2.  Synchronization of the numerical integration schemes (i.e., the procedures for solving the
equations of motion as function of time) in SOM-LA and the finite-element program is not
required. The integration scheme of the finite-element program is utilizea for both occupant(s)
and structure.

3. The capability of the finite-element computer can be employed to model general seat designs.

It would be possible to use the large finite-element program to model the occupant. The advantage of
the super-element is that occupant modeling requires features that are not needed in general finite-
element modeling of structures, such as limits on angular motion of limbs at joints. Moreover,
occupant modeling is specialized, and correct mechanical parameters describing the occupant are
not widely known (in some cases supportive data are not known at all and parameters must be
inferred by parametric sensitivity testing). Thus it would be difficult for a nonspeclahst to construct an
accurate model.

Additional effort would be required to make the occupant super-element work; provisiun for
transmitting input data to the super-element and obtaining printout of detailed occupant time histories
is required. In addition, graphics output from the finite-element program (if graphics post processing
is available) must be adjusted to draw the occupant(s) in addmon to the structure.

The same procedure could be used to lift the 2-D occupant model from PROMETHEUS Il if a 2-D

‘crash simulation were employed. However, there is little benefit to be obtained from using such a_

model in an overturning or cartwheeling light aircraft where vioient interac¢tions of all three dimensions
of motion would be occurring. .

HUMAN IMPACT TOLERANCE

In simulating the crash of a vehicle with human occupants, either by actual test or computation,
the capability. of estimating the degree of injury sustained by the occupant is highly desirable.
Various s.ales have been proposed for this purpose and these are evaluated below. At present,
. skeletal ;racture tolerances provide the best means for predicting injury (including head injury).

Human injury is a complicated biological process; causative physical mechanisms are often not
well understood, and consequently, traditional engineering methods are difficult to apply.
Physiological changes are also known to occur in responae to crash loading (e.g., change in pulse
rate), further complicating analysis. '

To fulfill the, researcher’s need to quantify injury, a number of injury scales have been devised.

These scales are based on clinical data or physical measurement, such as, head acceleration history.
These scales are generally intended to estimate physiological trauma rather than skeletal damage
The better known of these scales will be described.

A note of caution is appropriate at this point; currently existing injury scales represent some form

", of empirical correlation between injury and measured quantities. Correlation is not directly based
on the mechanism which actually causes injury; rather, statistical correlation with parameters
considered likely to be implicated is established. Use of an injury scale outside the conditions for
which correlation was established is risky. Moreover, there is always uncertainty in the accuracy of
the basic data since injury data cannot be developed from expenmentu with live people. but muut
be inferred from cadaver or ammal tosts,
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Differences between individuals further complicate matcers. Despite these limitation, injury scales
provide a method for assessing injury in a crash simulation. Such scales provide a rational
(although possibly inaccurate) means for comparing simulation results.

In contrast to physiological damage to organs, prediction of skeletal injuries is amenable to
ordinary engiresering methods. Mechanical properties of bone have been ' determined
experimentally. Standard engineering analysis techniques might be employed to determine the
extent of bone damage in a particular situation. Although there are differences in bone strength
and size between individuals, and live humar bone cannot be tested, extensive theoretical
knowledge of structural dynamics permits much greater confidence in the accuracy of such
computations than in the accuracy of injury indices.

Bone damage is only part of injuries, and not necessarily the most serious part. Concussion, for
example, can occur withouw accompanying skull fracture. Moreover, the accuracy of engineering
analysis of the skeleton depend upon accurate computation of forces acting on the skeleton, such
as restraint system and contact forces. Contact forces are particularly difficult to obtain, since the
contacting portion of the human body generally has irregular geometry and the mechanical
properties of the bone, flesh and contacted structure all interact to determine the dynamically
varying force acting on the skeleton. Occupani-simulation models discussed herein (e.g.,
PROMETHEUS III, SOM-LA) do no. model the skeleton in sufficient detail to accurately predict
bone fracture. However, structural ioads are calculated in these programs (e.g., lumbar axial load),
and these provide a rough measure of the likelihood of skeletal damage. Chapon (ref. 10) gives an’
excellent summary of experimentally determined fracture loads.

Injury scales can be grouped into three classes: (1) scales based on clinical ev;aluation of actual
injuries, (2) “whole-body” scales, and (3) scales developed to predict a particular type of injury.

The first group of scales is intended to quantify clinical diagnosis of the injuries sustained by a

" particular person. This provides a yardstick for comparing the severity of injuries occurring in

different accidents even though the i mjury mechanisms may be quite different. Such scales are
necessarily subjective; their main use is in accident investigation. A well known scale of this type is
the Abbreviated Injury Scale (ALS), as defined in reference 11. Ob\noualy, scales based on clinical
dmgnosu are of very limited use to t.he modeler.

ole-body tolerance scales are based on empirical obeervations, sometimes including the results
of animal tests. These scales attempt to assess “survivability” based on a groes description of the
impact deeeleratxon pulse uﬂng parameters such as peak deceleration, duration of deceleration and
nnget rate.’ "A difficulty in 'using published whole-body scales is that authors often do not
inguish between peak deceleration and average deceieration (which may of course, be quite
different). These scales refer to the crash load delivered to the seat, and do not directly consider
upant/restraint system response. Separate scales are available for different loading conditions
.+ Gy, ‘Gy, G7), but no provision is made for combined loading (such as simultaneous -Gy and G,
lenhon) Whole-body scales might be useful in early preliminary mrcraft design; they are of -

scales in the third group are intended to estimate damage of a parﬁculai type. DRl is an
ple of this type of scale. The DRI is intended to predict injury to the lumbar spine during

INCUSSION SCALES

" Several widely publicized scales in the third group with potential for use with occupant nodels are




designed to predict concussion. The mechenism causing concussion is not well understood,
althonugh there has been extensive investigation. It is known that concussion can result from either
linear acceleration (e.g., from heed impact) or else from rotational acceleration (i.e . whiplash). To

date, most investigations have focused on either linear or rotational acceleration. Combined ‘

effects have aluc been investigated, but data is scarce.
CONCUSSION CAUSED BY TRANSLATIONAL ACCELEBATION

A widely used measure of human tolerance to linear acceleration is the Wayne State Curve (WSC)
(fig. 5.6 and ref. 12). The WSC predicts that acceleratior. pulse magnitude is more impertant than
pulse duration in causing concussion.

The following description of derivation of the WSC is paraphrased from Hodgson, et al. (ref. 13). The

basic experimentsl werk on which the WSC depends was a study of concussion on mongrel dogs
(refs. 14 and 15). Deceleration pulses of systematically varied magnitude and duration were applied
to the brains of 72 dogs, and a concussisn tclerance cur-e for the speciss was then obtained. It was
posetulated that the same curve shape would be valid for huwnans. Cadaver skull fracture data was
employed to determine the shape of the human curve for pulses less than 10 uns in duration (clinical
experience indicates that concussion normally accomparies skull fracture). The long pulse end of
the WSC (duration greater than 100 ms} was estimated from ucceleration sled rides of Stapp and
other volunteers (ref. 16). The intermediate range of tne curve wus estimated from cadaver drop
tests onto automobile dash panels.

It should be noted that data on which the WSC is based utilize a single acceleration pulse; multiple
blows are not used and infiuenc of ulse shape is not considered. Moreover, the shape of curve is
not well supported by experimental ¢vidence for pulse durations greater than 10 ms.

- Newman (ref. }2) reports, regardicg the Wayne State Curve, “The validity and usefulness of this
tolerance curve have been questioned on a number ¢¢ grounds including:

1.  “The ordinate’s effective acceleration was pcorly defined. Patrick, et al. (vef. 17)*, had
stated: ‘The ordinate is Effective Acceleration which is based on a modified triangular pulse
in which the effective acceleration is somewhat greater than half the peak valae. Therefore,
triangular or sinusoidal pulses of equal area and higher peak magnitude are in accord with
the experimental evidence from which the Tolerance Curve is derived.’ Later (ref. 18) it was

. stated: ‘Effective acceleration i computed by dividing the area uncer the acceleration time
record by. the time. A judicious analysis of the geometrical shape of the curve is impo: tant.
.For instance, high amplitude spikes of short duration (less than 1 millisecond) should be

disregarded.’ More recently, (ref. 19) effective acceleration has been equated exactly to the ‘

time averaged acoelerauon over the duration of the pulee.”

2.  “The head unpact data is not applicable to blows other than those to which the experimental
animals and cadavers were subject. To quote Gurdjian, et al. (ref. 20); It should be pointed
out, however, that care should be taken in using a tolerance curve of this nature. It is entirely
possible that a curve of the same shape, but having different values for the acceleration
magnitude, could very well be shifted up or down depending upon the point of impact and the
blow direction.’ Stalnaker, et al., (refs. 21 and 22) have confirmed that there are mgmficant
differences i in the response of human and monkey head. to lateral and iongitudinal i nmpacts

3. “Because the WSC was based on measured acceleration time butonen of a point on the head
essentially opposite the forehead blow location; skull vibration may have had a significant
effect on the apparent head accelerstion. Hodgeon and Patrick considered this. -question in

*Refercnce numbers hnve been convemd to comspond to the, numbermg sequence of t.hu
document.
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11968 (ref. 23) and it is now customary to use two biaxial accelerometers mounted to the side
of the head (ref. 13). As suggested by }Mertz (ref. 24), assuming rigid-body mechanics, the
acceleration of the center of gravity of the head can then be determined.

4.  “The WSC hLas never been verified for living human beings, although recent indirect efforts
through accident simulation (ref. 25) have been attempted.”

Several injury indices have been suggested based on the Wayne State Curve. These are the Head
Severity index (ref. 26), the Head Injury Criterion (refs. 12 and 27) and the J tolerance (ref. 28). All
three tolerances agree roughly with the Wayne State Curve for short duration frontal head
impacts (i.e., 10 ms duration, half sine wave shape). The criteria give different results for multiple
pulses or irregular pulses, and ‘the relative merits are hotly debated. However, little clinical
evidence is available to indicate whether any of the scales (or indeed the Wayne State Curve) is
valid for these conditions.

The widely used Swearingen diagram of acceleration tolerance of the facial bones (figure 5.7 and
ref. 29) actually represents fracture data under dynamic loading. The acceleration tolerances given
should be multiplied by the head weight to obtain fracture tolerance. Thus the fracture tolerance
of 30 G given for the nose means that the nose will fracture when the nose is struck with sufficient
force to impact 30 G acceleration to the whole head, which would be a force of 300 Ibs., assuming a
ten pound head weight. It does not mean that whenever the head is accelerated to 30 G (e.g.,
through whlplash) that nose fracture occurs.

CONCUSSION CAUSED BY ROTATIONAL ACPELERATION

Concussion can be induced by head acceleration prassure in contrast to impact loads; a tentative
estimation of human tolerance to rotational acceleratioo was made by Omaya, et al. (ref. 30). A
tolerance curve was experimentally determined for rhesur monkeys, and the humen tolerance
curve was inferred from monkey curves by scaling the accelzration axis by r2/ , where ris the ratio
of the weight of the rhesus monkey brain weight to the human brain weight (fig. 5.8). Omaya, et al.
stated that additional experimental confirmation is required before use of the curve is justified. As
far as can be determined, no confirmation data has been published to date. Thus figure 5.8 must
remain tentative.

STRUCTURAL MODELING COMPUTER PROGRAMS
INTRODUCTION AND R"COMMENDATION |

Impact dynamics of a real crash involving complicated structural design are too complexi for
manual analysis, however, modeling methods offer an eventual capability that could provide a
simulation of all dynaxmc interactions.

Simulation may be by analytical models, scale models, computer models, and full-scale tests in =

order to provide both observation of complex interactions and a rauonal basis for the sequencing
~ of events, 'cads, and modes of failuve,

Numerous computer simulation models, in particular, are being developed for use in simulation '

evaluations. Sume are being developed for support of preliminary design studies, others for more
sophisticated uses. The four main classes of models that are used include:
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1.  Generalized spring mass models
2. Frame type models
3. Hybrid models

4. Finite-element models

Spring-mass models and frame models use a very simple model of the structure to estimate crash

behavior. Frame models differ from spring-mass models in that beam elements are employed in
modeling, in addition to springs and point masses. Hybrid models use static test data in
conjunction with a spring-mass model or frame model to predict dynamic behavior of a structure.
Finite-element approach uses more formal approximaticn approaches for more discrete definition
of structural representation and properties. Fuute-element models tend toward increasing
complexity and computational cost. However, none of the modeling 1. -acadurzs is totally free of
testing requirements and analytical judgment. The reason is the exuemely complex process for
vehicle structure deformation under crash loading, which involves:

1. Transient, dynamic behavior

2. Complicated framework and sh'ell ass;emblies

3. Large deflections and rotations

4.‘ Extensive plastic deformations

A number of computer programs have been developed to simulate nonlinear dynamic response of

structures. These programs are categorized as “hybrid” and “purely mathematical finite-element
models.” Brief descriptions of some of these programs are given, and three of the programs

(KRASH, DYCAST and ADINA) are evaluated in more depth. It is concluded that none of the -

programs has all needed features.
HYBRID VS. PURELY MATHEMATICAL

Workers investigating the behavior of structures in crash situations often categonze analysis
methods as “hybrid” or “purely mathematical.” A definition of these terms is gwen in Winter, et al.

(ref. 31).

“Hybrid - A combined experimental and mathematical method, such as the lumped

mass/spring method, in which the structure is divided into a number of relatively large

sections or assemblies that are usually idealized as beam/springs whose deformation

characteristics are found from static deformation' tests or separate engineering analyses.

Structural mass is lumped with nonstructural masses at the beam ends and the equations of
" motion of the mass points are solved numerically.

“Purely mathematical--As in the finite-element method, in which structure isdivided into its
individual natural components (beams, stringer, skin panels, etc.) which are then subdivided
into appropriate structural units called elements. The deformation characteristics of each
component are calculated theoretically from its material stress/strain curve and its changing
shape and position in the structure. The structural mass is placed at nodes at each elen.ent
boundary and is therefore distributed throughout the structure. The equat:ons of motion of
the element.s are then solved numerically.”




Hybrid technique permits use of simpler, less expensive structural models. A hytrid model is -

particularly useful when many simulations of the same structure are to be made. Occupant models
in occupant crash simulation (e.g. PROMETHEUS III, SOM.LA, Articulated Total Body (ATB)) are

almost always hybrid models—for example, the lumbar spine is represented as a single beam -

rather than an assemblage of vertebrae, discs, and ligaments.

In fact, purely mathematical methods require considerable engineering judgement, even art, to use
‘successfully; the distinction between hybrid and purely mathematical is more nearly a matter of
degree than a real distinction. .

Researchers in the field note that both approaches are necessary. Hayduk, et al. (ref. 32) conclude,
after comparing the hybrid program KRASH with the purely mathematical finite-element
programs ACTION and DYCAST: .

“A hybrid computer program (KRASH) and two ﬁmte-element computer programs (ACTION

and DYCAST) have been used to analyze a section of a twin-engine, low-wing airplane

‘'subjected to a 8.38 mJ/s (27.5 ft/s) vertical impact. A vertical drop test experiment was
" performed at the NASA Langley Impact Dynamics Research Facility. The results of the
analyses demonstrated the capability of all three computer programs to quantitatively
simulate the significant dynamic response of aircraft structures under impact loading.”

“Because of the variation in complexity of the KRASH lumped-mass ' model (177 DOF
(degrees of freedom)) and the ACTION (336 DOF) and DYCAST (493 DOF) finite-element
models and solution methods, there were two orders of magnitude difference in analysis cost.
Consequently, the lumped-mass hybrid approach should be used in conjunction with the
finite-element approach, the two approaches complementing each other. The lumped-mass
hybrid approach can be used to evaluate gross vehicle response, desi.m trends, structural
design and impact parameters studies, and gross energy dissipation. The finite-element
approach should be used for analysis of designs where the detailed behavior of individual
components are critical, for obtaining detailed loads required.for input to other analyses,

" such as a lumped mass-hybrid technique or an occupant simlulator, and for detailed stress
analysies in sizing of structural componenta.”

Cronkhite, et al. (ref. 33) agree with the Hayduk conclusions. Cronkhite states:

“Computer analysis methods are still being verified for metal structures, while composites
will need special treatment because of their low strain-to-failure characteristics. At present,

both the hybrid (KRASH) and finite-element (DYCAST) structure crash analysis methods are

" needed. The hybrid type of analysis is useful for preliminary design analysis and for
parametric studies of the entire airframe. The finite-element analysis method has the
potential for detailed structure analysis directly from drawings and may be used to develop
inputs to the hybrid type of analysis. The main problem with a hybrid method is obtaining

~structure inputs.to the coarse math model. Finite-element methoda. being a completa-
analysis, need validation by test.”

DESCRIPTION OF NONLINEAR DYNAMICS COMPUTER PROGRAMS
Cronkhite, et al. describe some of the many computer programs which now exist:
“Numerous simple-capability hybrid simulations are available (mf; 34 through 39, for

example). Of these, the two most notable programs are those authored by Herridge of the
Battelle, Columbus Labs and by Gatlin et al. of Dynamic Science, Inc. The work done by

i
|
1_15' :



S <a RAUSCOENIRER I RN

oYY v,

- - e v gy e e .
.:_._..3.“’ ,,.,-..-‘

-
»

et

116

Herridge and Mitchell was directed toward automobile crash impact, while that done by
Gatlin, et al., examined the vertical impact of a helicopter fuselage. This latter program
(called CRASH) simulates the fuselage as rigid masses connected by nonlinear axial and
rotary springs in a predetermined arrangement. Both of these simulations are two-
dimensional.

“Of the intermediate-capability programs, the most advanced and perhaps the inost widely
used hybrid simulation is KRASH by Wittlin and Gamon (refs. 40 and 41). KRASH utilizes a
3-D arbitrary framework of point masses connected by beams to simulate the fuselage
structure. The remaining intermediate-capability programs use finite-element computer
codes and include Shieh’s work (ref. 42), CRASH by Young (refs. 43 and 44), and UMVCS by
Mclvor, et al. (vef. 45). Shieh idealizes the structure as a 2-D array of beams with yielding
confined to the plastic hinges at their ends, while CRASH and UMVCS use 3-D models of a
framework composed of rods and beams. UMVCS could also be considered a hybrid because it
requires test data input w define the moment rotation curves for the plastic hinges at the
beam ends.”

“The detailed crash simulations are all 3-D finite-element codes with the capability of
modeling stringers, beams, and structural surfaces such as skins and bulkhead panels. The
four codes currently available are WHAM by Belytschko of Northwestern University
(ref. 46), WRECKER by Welch, et al., of Illinois Institute of Technology (ref. 47), ACTION by
Melosh, et al., of Virginia Polytechnic Institute of Technology and State University (ref. 48),
end DYCAST by Pifko, et al., of Grumman Aerospace Corporation (ref. 49 and 50). WHAM
currently can be used to idealize a structure which contains only isotropic material. It uses
partly interactive yielding; i.e., the effect of shear stresses on plasticity is neglected.
WRECKER contains the same formulations as WHAM but also has the added convenience
features of graphics and restart. ACTION also has partly interactive yielding, and it can be
used only with a structure constructed with isptropic materials. Additionally, ACTION also
contains an internally varied time step with numerical error controls. DYCAST can idealize a

. structure constructed of orthotropic material. Its features include ‘ully interactive yielding,
internally varied time steps with error control, restart, and grapuic output.”

A summary of the assessment of these specific crush simulations is given in table 5.2 (from
Cronkhite et al., ref. 33). Note that the hybrid codes do not account for collapse or failure under
combined loads because the crash data inputs are derived from tests with a single load. All of the
finite-element codes except Shieh’s can account for multiple-load components. The crush test can
furnish the hybrid computer codes with data to analyze orthotropic laminates and c¢ore-sandwich

. panels, while only DYCAST of tl;e finite-element codes can analyze an orthotropic ;naterial.

None of the evaluated finite-element codes can currently analyze a Eore sandwich. WRECKER is
the only one of these codes which will account for strain rate effects in a logical way by
determining the local strain rate and adjusting the stiffnesses. All the hybrids can account for
joint fmlure and cnpphng because these effects are part of the crush test data.

The program ADIN A (ref. 51) has capabilities sumlar to DYCAST and will also be cons:dered
DESIRABLE A'l'l‘RIBUTES'lN CRASH SIMULAT!ON COMPUTER PROGRAMS v

Three basic attributes are considered in evaluation of cmh simulation computer programs--
tzchmcal capability, “permanence,” and ease of use. '

The most obvous attribute needed by a crash dynamics program is technical capability — the
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Table 5.2-Computer Crash Simulations Assessment

Item

Piastic collapse and crush
with combined loads

Méterial failure

" with combined loads

Skin & buikhead

Anisotropic lamines with
cored sandwiches

Beam cross-section deform.

(crippling)
Joint deform. & failure

Strain rate stitfening

With local varnations

Hybrid

Al

Nore

All
{Poorty)

Alt

Kamal

' Herridge

None '

Finite Element

Al
All except Shieh's

None
None

WRECKER, WHAM,
ACTION, DYCAST

DYCAST
None

None

None *

WRECKER -

WRECKER
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program should e capable of modeling both elastic and plastic material behavior, and also be able
to handle large st.ructural deformation including Luckling.

The ability to simulate impact in a general way is also very desirable. A general interference model
would permit investigation of phenomena such as plowing, in which changes in the aircraft
geometry during impact can modify the characteristics of contact between the aircraft and ground

which in turn can change the sliding resistance of the ground. In the models investigated herein,

contact can be modeled only if the general behavior of the contact is known in advance, i.e. parts of
the structural model which contact 'and direction of contact. ,

Lack of a general purpose contact model in crash simulation c.des investigated herein could be a
serious drawback. .

From the standpoint of a user, the permanence of a code is important. Permanence means that
someone with a vested interest is looking after the code so that someone is available to answer
questions and also some assurance that the code will not soon become obsolete through neglect of
theoretical advances (which are happening rapidly in the field of computer simuiation of structural
dynamws)

Almost as important as the theoretical analysis capability of a program is its ease of use. Important
features in this category include:

1.  Thorough checking of input data for errors; and well designed error messages which pinpoint
the error, help the user understand what is wrong, and (when appropriate) indicate probable
corrective action. For example,

“Error—Singular Jacobian” is a very unenlightening error message.

“Error—element 27 is badly distorted. Check sequence in which nodes are specified” is much
more useful.

2. “Grace under fire” — From time to time it is almost inevitable that a computer program will
encounter a situation in which the computation cannot proceed. This can occur through errors
in the input data which are so subtle or difficult to detect that normal error checking of the input,

' data misees them, or through limitations in the theory on which the analysis depends. It is
important that the computer program recogniz: this situation when it occurs and print enough ~
diagnostic information that the user can figure out what went wrong. If the program stops in the
middle of the computation without providing good diagnostic information, the user can waste
days tracking down (often by trial and error) the error.

3;  Well 'organized display of computed data. The output must be legible and complete.

4. ' Availability of graphics aids. In finite-element programs, the large volume of data needed to
describe the structure and the (larger) volume of information computed for the structural
analysis make automatic plotting of both the input data (i.e. the nodes and elements) and the
computed data (e.g. time history mformauon) mandnwry if a program is to be used as an
engineering tool.

Ease of use is usually not considéred in evaluations of crash simulation programs, probably due to
.the evaluations being made by (or in close coordination with) the program developers rather than
by a dmntemted party.




Program efficiency has been deliberately excluded from consideration. A meaningful definition of
efficiency is nearly impossible to obtain. The cost of running a problem is not a good measure since
it depends not only on the computer used, but also on the method by which computation costs are
reckoned at the particular installation. Moreover, advances in computer design continually reduce
computation cost and also change the relative importance of use of different resources (e.g.
central, processor time, disc access, etc.) Error checking, considered to be highly cost effective,
wor!d be inefficient by this measure since it would increase computation cost of a particular run.

COM' ARISON OF KRASH, DYCAST, AND ADINA

Three computer programs were selected for review. KRASH and DYCAST were selected based on
the recommendations of Cronkhite et al.:

“The major conclusions of this investigation on computer crash simulations for advanced
material applications are:

1. There is no satisfactory single existing code
2. Hybrid codes are theoretically incomplete
3. Finite-element codes currently lack sufficient ad\fanced material capahility

“The recommendrtion for current crash simulations on advanced materials is to use KRASH
with applicable crush test data for preliminary parametric studies and gross evaluations. For
a detail design, DYCAST can be used for analyzing orthotropic laminates. However, this code

_i8 still under development and has not yet been experimentally verified. It is not currently
possible to perform an extensive detailed design evaluation of a structure with sandwich-core
construction. This type of construction holds promise for increased energy dissipation with
advanced composites.”

The computer program ADINA (Automatic Dynamic Incremental Nonlinear Analysis) was

selected, based on in-house experience with the code of the analysis of cracking/crushing for
concrete structures under large transient loads. Features of the thres codes are summarized in
table 5.3.

KRASH

' In their review of KRASH, Cronkhite, et al. reported:

1. “The KRASH analysis was found to be a ‘uaefu.l tool for studying effecu of various impact

conditions and parameter variations on the overall crash-impact response of the airframe,

' whether the airframe is of metal or composite construction.

2. “There is excellent documentation and correlation of the KRASH program (refa. 52-55).
These documents should be useful to anyone working in the area of structure
crashworthiness and simulation whether or not the KRASH program itself is used.”
“KRASH has many useful built-in crashworthiness features, such as: |

. Energy summaries

o Occupiable volume change and _peneu-it.ion
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Table 5.3-Comparison of Program Input Features

KRASH

rigid links

3-D solid

Core-Sandwich
plate

Characteristic Types DYCAST ADINA
(note 1) '
|eTement Types TRUSS TRUSS TRUSS
(T BEAM BEAM BEAM
3-D membranes '2-D plane

~ stress, plane

strain

3-D membrane

_(plane stress

- 2-D Axisymmetric

shell or solid

3-D solid
thick shell

" Thin shell
~ 2-D fluid

3-D fluid

Material Model

Curve

linear ortho-

tropic elastic-

plastic

linear orthotropic
elastic, non-linear
elastic,

. thermo-elastic

elastic plastic
(Von Mises

" or Drucker-

Prager yield,
thermo-elastic-

- plastic-creep

(Von Mises -
yield), Mooney-
Rivlin Material,

' concrete model,

user defined
Isotropic .

or Kinematic
hardening.

Mass Model (T)

Lumped

Lumped or
consistent

Lumped or

consistent

Geometric Nonlinearity
(1)

yes

yes

- yes
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Table 5.3-Compatrison of Progra/n Input Featurss (Concluded)

(U)

r n
Characteristic Types KRASH DYCAST . ADINA
(note 1)
Integration Method Euler Newmark, Newmark,
(T) predictor- Wilson, : Wilson,
corrector Central Difference | Central Difference,
fixed time Modified Adam 1 all fixed
step/predictor-
‘ corrector/time step
variable time step
(except central
difference)
Plot capability
time history of
displacements, no yes no
velocities (note 2)
accelerations .
(V) '
Deformed Structures no . yes no
(V)
.| Special Crash Qutput
energy :
distribution yes yes no
Structural c.q. yes no no
computes occupiable yes no no
volume
(V)
Documentations ' o '
Theory manual (U) Complete not available on ‘complete
single document
User manual Complete - preliminary complete
(V). : '
Size aof user communtty small ‘very small large

Notes:

(1) The symbols (T), (U) and (P) used in the character1st1c column indicate
the type of feature; T refers to Technical capacity, U refers to user
- convenience, and P referrs to "permance" - the likelihood that the pragram

will be maintained

- (2) Plot capability for ADINA is being developed by AQINA's authors.,
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. Automatic rupture of elements

e DRI and man model

e  Friction and plowing

"o Soil
*  Sloped surface impuct
“Because of the coarse mathematical representatfon of the structure, the major problem with

performing a KRASH analysis is involved in the * art of modeling and obtaining structure inputs to
the program.”

Cronkhite, et al. found a number of errors in the KRASH code and weaknesses in the analysis, as

- well as an mconvement input ascheme, some FORTRAN coding errors that were dxsoovered are the

following:

1.  “The printer plot routine contained array dimensioning errors that occurred mndomly when
plotting element loads and relative deflections.

2. “No input for external crushing springs caused all material properties to be zeroed out.

3. “Maximum external spring load after bottoming out was internally set to ten times the load
just prior to bottoming out which in some cases did not slow the vehicle down. This has since
been fixed by making the cutoff load ten times the maximum load used before bottoming out.

4. “The damping coefficient for beam elements remains a constant value even through the
element stiffness has been reduced by the stiffness reduction facior KR. The damping should
also be reduced by the same factor as the stiffness.” '

. “For engineers accustomed to user-oriented structural analysis digital computer codes, such 23

NASTRAN, the input to KRASH seems cumbersome. A preprocessor to help convert NASTRAN
input data to KRASH input may partially solve this problem. This would also facilitate user
training on the KRASH program.”
Cronkhite et al. recommended a number of 'comcti'ondimprovemehtl'be made KRASH,
1.  “Because the airframe structure oftén fails locally at a weak spot, a plastic hinge eler;xent for
the internal atructure modeling is needed. Also, scalar springs would be useful for modeling
. seats and main rotor pylom
2. “The user should be allowed to apply arbltrary boundary condmom to the model.

3. "A12by12 du'ect mput matrix opnon would euentxauy allow substructuring.

4 “KRASH now uses a fixed-time step integrator. A variable time step pmcedure should be

employed to improve run times. Also, an implicit integrator such as the Newmark-Beta
, met_.hod should reduce run times as well as improve numerical stability.

5. °*A rigid Body motion analysis for impact such as rollover where no significant structure
response occurs for long periods of time would greatly reduce solution times.




6. “Damping shoul& be added to the external springs.
7. “The stiffness reduction features (KR) should apply to element damping as well as stiffness.
8. ‘input improvements
o . Add descriptive names to identify data types
¢ Allow arbitrary mass point numbering by user
¢  Develop a NASTRAN Ito KRASH input preprocessor
9.  “Add structure plotting capat ility — deformed and underformed.”
DYCAST

Cronkhite, et al. reported: “This demonstration of DYCAST as a crashworthiness design analysis
tool pointed out its usefulness while indicating some need for improvement. The main items in this
assessment are: ,

1. “Gross dynamic behavior was displayed, including overall structural deformation and
: motions of critical masses. :

2. *Detailed dynami~ response was shown in the deformations, strains, stresses, and loads on
individual structuse. components for metals and orthotropic compodtes.

3. . “Detailed structural modifications were indicated by noting overloaded components and .
equipment attachment points and showing action of the energy absorbers.

4. “Computational costs were acceptably moderate, using 1.9 CPU minutes per probiem-time
msec for 471 degrees of freedom, while the restart feature permitted small time segments to
be run in sequence without tying up the computer..

5. “Imm liate improvements needed are rebound from ‘the barrier surface and automatic
failure criteria, which are now being nmplementgd

6. “Future developn\enu needed are the addition of a core-sandwich plate element (for
honeycomb and other cored structural components), output of occupant decelerative injury
parameters, and calrulation of energy consumption and distribution.

. 7. "I'est venﬁcatxon is a very nmportant need to explore the range of apphcabxhty and
accuracy.”

It is a:gmficant that Cronkhite is apparently aat.mﬁed with the DYCAST input scheme and does
not report any analysis or coding errors. Some of the recommended improvements have since been
made.

ADINA N
The ADINA program has been developed by Dr. Bathe it the Massachusetts Institute of

Technology (ref. 51). There is an active user group which holds regular conferences regarding
~ ADINA engineering applications. ADINA has dynamic-analysis capability roughly equivalent to.
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DYCAST, but in addition has static-analysis capability (linear or nonlinear) and can perform eigen
valueleigen vector calculations. A noteworthy feature of ADINA is the extensive checking of the
input data for errors and the relatively complete set of error messages flagging errors which
develop during execution, for example, singularity of the stiffness matrix. The major deficiencies
are the input scheme, which is “fixed field” and relatively difficult to locate individval data items
i 1, and the lack of a variable time step numerical integration scheme.

Existance of an active ADINA user group is a significant asset, and a u=-r without continuous need

for nonlinear dynamic analysis should give ADINA serious considerition based on this alone.
Existence of the user group assures that assistance will be availabie to extend or recheck an
aralysis at a later date. : .

SUMMARY

There is agreement between researchers in crash dynamics that both the hybrid approach and the
purely mathemaiical finite-element method are needed at the current level of technology. Cronkhite,
et al. note the inconvenience of coping with multiple input schemes.

Since the hybrid and purely mathematical finite-element analysis methods are compatible and, in
fact, very similar, consideration shculd be given to daveloping a single package combining the best
features of both approaches. There are two advantages. First, the user, who will likely need both
methods to solve his problem, will need to become familiar with just one program. Secondly,
combined analysis becomes possible; a detailed finite-element model can be used for -ne part of the
structure (e.g. a seat) while another portion of the structure could be modeled more simply with
hybrid elements whose static mechanical properties are obtained by static test. In principle, the

static test could be simulated by the purely mathematical code; in practice, more validation of t.he

purely mathematical codes is needed before this is practical.

A deficiency in all these models is the lack of a general purpose contaét, element to model ccllision
between two or raore parts of the structure. In existing programs, contact can he modeled only by
connecting elements, e.g. springs, between contacting surfaces. This entails anticipation of every

. collision which might occur and each individual specification of the contact element together with its

mechanical characteristics. Reference 56 describes an experimental general purpose contact
model, which might be developed into a practical contact element.

TEST TECHNOLOGY

A review of crash tests has been conducted to ascertain the status of test technology. Tests include
full-scale aircraft and some components. Test objectives, instrumentation, and test methods are
discussed. In addition some static tests applicable to structural crashworthiness are reviewed.

Programs to test full-scale aircraft have been conducted by NASA, the FAA, and the U S. Army
over the last 30 years. These programs have treated small propeller-driven transports, general -
aviation light aircraft, and helicopters. During this time, testing technology has adva: zed,
particularly in the areas cf instrumentation, dsta acquisition, and processing.

Seats, fuel cells, anﬂ landing gear have been tested statically and dynamically in develbpmént and

certification testing to design crash loadu In addition, as a part of research programs some
substructures have also been tested.

The purpose of crash testing has been to assess crashworthiness, levsel‘ of crash loads, crash
response of the aircraft, and crashworthirers performance of design modifications. More recently,
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as analvtical methods have evolved, some tests have also had the collection of data for verification
of anslyses as an objective. ‘

In the material presented below, selected tests are presunted as representanve of r. technique. The
“est methods in some cases have been quoted from the reports and in other cases have been
summarized.

FULL-SCALE PROPELLER-DRIVEN ’TRANSPORTS (Test Trg§k Method)

Esrly crash tests by NACA of full-scale World War II vintage propeller-driven aircraft (refs. 57
and 58) had determination of crash loads and effects of crash parameters on these loads as an
objective. These tests were part of a crash-fire study and utllwed the test facility developed for
that program.

Aircraft were propelled along a track, gear sheared off, and then impacted a shaped earthen
- barrier to simulate impacting the earth. Angles of impact up to 30° at speeds of about 100 mph
were obtained. Floor accelerations at various stations along the fusclage were measured. In'
general, the aircraft impacted the shaped barrier in the vicinity of the cockpit. This type of test is
representative of a flight into obstruction where the obatruction is an earthen mound. Some tests
were performed to simulate the effect of hitting trees with one wing to produce a ground loop.

Acceleration data were obtained with instrumentation and processing equipment representative of
the late 1950s. Due to differences in aircraft structure, crarh energy levels, absence of analytical
tools, and to the small amount of data on the crash performance, the test data have limited
application to commercial jet transport. However, the data are of historical value and do provide
some insight into crash loads. Further they served as models for later testing. ‘

In 1964, the FAA conducted two crash tests of complete aircraft. A Lockheed L-1649 (ref. 59)
transport aircraft and a Douglas DC-7 (ref. 60) were tested using methods similar to the NACA
tests. In these tests, instrumented seat installations and dummies with seat restraints were
included. In addition, high-speed camera coverage of the aircraft xntenors was provided. Floor ard
dummy accelerations were measured.

Instrumentation problems due to test equipment acceleration environment on the DC-7 resulted in
the loss of much of the acceleration data for that test. In addition, the DC-7 almost overran the test
range, illustrating problems of controlling the test vehicle during crash impacts.

While these tests provided some good crash loads data, particularly for the seat/occupant, the
value of the test data would have been enhanced by t}; availability and application of analytical
‘methods to the data. Lack of such methods has limited the apphmtxon of the crash loads to the test
conditions for the type of aircraft.

FULL-SCALE CRASH TESTING OF GENERAL AVIATION AIRCRAFT (Swing Test
Method)

Full-scale crash testing is performed at the Langley Impact Dynamicas Research Facility (refs. 61

and 62). This facility is the former Lunar Landing Research Facility modified for free-flight crash

testing of full-scale aircraft structures and structural components under controlled test conditions.

The basic gantry structure ia 73 m (240 ft) high and 122 m (400 ft) long supported by three sets of

inclined legs spread 31 m (267 {t) apart at the ground and 20 m (67 ft) apart at the 66 m (218 ft)

level. A movabiz bridge with a pullback winch’ for raising the test specimen spans the top and -
transverses the length of the gantry.
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Test Method

The aircraft is suspended from the top of the gantry by two swing cables and is drawn back above
the impact surface by a pullback cable. An umbilical ‘cable used for data acquisition is also
suspended from the top of the gantry and connects to the top of the aircraft. The test sequence is

‘initiated when the aircraft is released from the pullback cable, permitting the aircraft to swing

pendulum style into the impact surface. The swing cables are separated from the aircraft by
pyrotechnics just prior to impact, freeing the aircraft from restraint. The umbilical cable remains
sttached to the aircraft for data acquisition, but it also separates by pyrotechnics before it becomes
taut during skid-out. The separation point is held relatively fixed near the impact surface, and the
flight path angle is adjusted from 0° to 60° by changing the length of the swing cable. The height
of the aircraft above the impact surface at release determines the impact velocity which can be
varied 0 to 26.8 m/s (60 mph). The movable bridge allows the pullback point to be positioned along
the gantry to insure that the pullback cables pass through the center of gravity and act at 90° to
the swing cables.

To obtain flight path velocities in excess of 26.8 m/s (60 mph) a velocity augmentation method has

.been devised which uses wing-mounted rockets to accelerate the test specimen on its downward

swing. Two Falcon rockets are mounted at each engme nacelle location and provide a total thrust

" of 77,850 Newtons.

Instrumentation

Data acquis:ition from full-scale crash tests is accomplished with extensive photographic coverage,
both interior and exterior to the aircraft, using low-, medium-, and high-speed cameras and with
on-board strain gages and accelerometers. Strain gage type 9"celerometers (range of 250 and 750 g
and 0 to 2000 Hz) are the pnmary data generating instruments, and are positioned in the fuselage
to measure accelerations both in the normal and longitudinal directions to the aircraft axis.
Instrumented anthropomorphic dummies (National Highway Traffic Safety Administration
Hybrid II) are on board all full-scale aircraft tests conducted at Langley. Restraint system
arrangement and type of restraint used vary from test to test. ,

Data signals are transmitted from the aircraft specimen through an umbilical cable to a junction box on
top of the gantry. From the junction box, the data is transmitted through hard wire to the control room
where the data signals are recorded on FM multiplex recorders. In order to correlate data signals on

. the multiplex recorders with ¢xternal high speed. motion picture data, an IRIG A time code was

recorded simultaneously on the magnetic tapes end on films. There is also a 60 Hz time-code
generator with the onboard events recorded with the cameras. A Doppler radar unit is placed
approximately 60 m behind the impact point to obtain the horizontal velocity of the aircraft.

' At the time the data is being recorded, the data passes through a 600 Hz low-pass filter. The data on

the magnetic tapes are then digitized at 4000 samples per second. Digitized accelerometer data is
then passed t.hrough a finite unpulse response filter and filtered as follows: -

1. Dummy hgad 600 Hz (unﬁltered)
2. Dummychest | 180 Hz

3. Dummy pelvis 180 Hz

4 Seat L 20H

"5. Floor structure . 20 Hz




-Motion picture analysxs conslsta of plottmg a dlsplacementrtxme curve from the film data and fitting

least square polynominal functions (up to tenth order) to the measured displacements and then twice
differentiating the displacements to obtain accelerations. Accelerations thus obtained compare very
well with the filtered accelerations.

COMPONENT TESTS USING CATAPULT METHOD

'These tests (ref. 63) are not designed to bring the cabin environment up to the limits of survivability,
but they are designed to expose the fuel tank location to a destructive environment.

Crash tests were performed at the National Aviation Facilities Experimental Center (NAFEC)
catapult facility. A compressed-air catapult was used to accelerate the test aircraft along a 90-foot
track. At the end of the catapult stroke, the aircraft, which was pulled by its nose gear, was
released to impact an earthen hill of 4° slope. At the base of the hill, a 12-in. by 12-in. I-beam was
installed to break off the aircraft’s landing gear. The nose gear was strengthened to withstand the
catapuit pulling force, while the main landing gear mounting bolts were sawed in half to effect an
easier separation from the wings. Spoilers were installed along the upper wing surface to keep the
airplane from fiying. At a distance of 10 ft from the I-beam, poles were sunk into the hill to a depth

'of 18 inches. These poles were spaced symmetrically off the centerline of the hill, at 42 inches and

108 inches each. The poles were hollow mild steel tubing, 4.375-in. outside diameter, 0.188-in. wall
thickness and were 10 ft in length. Small rock piles were locaied on the hill to further increase the
severity of the crash condition. There are no standarda in general use for a crash site as is used in
this type of test; hence, the selection of the type of poles, rocks, and hill were selected to produce a
destructive environment to the fuel tank location. The crash site was intended to be at least as
gevere as a crash at an airfield involving airport structures such as approach lights.

In all tests, the aircraft main tanks were filled with water. Accelerometers, CEC type 4-203-001,
were installed on the floor of the aircraft at the longitudinal center of gravity location (station
126). Accelerations in the vertical and longitudinal direction were recorded on an oscillograph. The
data wcre filtered at 90 Hz.

DYNAMIC SEAT TESTS (Sled Test Method)

The testing of seats to simulate dynamic crash loads has been conducted by the U.S. Army, CAMI,
NADC, NASA, and the seat manufacturers. The Aimy, following the recommendations of its Aircraft
Crash Survival Design Guide, has had h=licopter and light aircraft seats dynamically tested as a
requirement for specification compliance. These tests have been conducted at the CAMI facility or
by Simula, Inc. These test programs have served as development tools in uncovering unanticipated
weaknesses in design details and generally have resulted in an improved crashworthy seat for the
Army application. The Army test requirements include provisions for applying the test impulse with
the floor in a pre-warped position. While these conditions may represent limiting cases for the Army
usage, the heavier commercial jet am:raft construction may preclude warping to the degree required
by the Army. : .

' The CAMI facility (ref. 64) uses a sled test vehicle on a horizontal track to carry the seat and

occupant (anthropomorphic dummy). The sled is graduaily accelerated to a velocxty and is abruptly
decelerated by energy abeorbing wires to apply the test impulse. Variation in orientation in

mounting of seats permits loading in the desired axis. Thu procedure has been reﬁned and -

generally gives good test results
Test Procedure -

- Two impact orientations were used in these tests. The first, corresponding to Test 1 of

..........
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MIL-S-58095 (AV) {ref. 65), produced combined downward, forward and lateral loads on the seat.
The second provides forward and lateral loads on the seat and corresponds to Test- 2 of
MIL-S-58095 (AV). Both tests used a floor warpage fixture which rolled the left seat track 10°
outboard and pitched the right seat track 10° down, corresponding to the floor buckling and
warping conditions required for static tests under MIL-S-58095 (AV). An Alderson CG-95
anthropomorphic dummy, S/N 500, weighing 224 lbs furnished for these tests by tiie Naval Air
Development Center (NADC), simulated the seat occupant. The dummy was clothed in acrylic kn't
pants and shirt for these tests. Shoes were not used. Triax’al clusters of accelerometers were
located in the dummy’s chest, on the seat pan, and on the floor fixture. Strap load tensiometers
were placed on the shoulder belt and lap belt webbing. Because of the design of the restraint
system, there was no free webbing on which to locate the tensiometers, so that each tensiometer
was in contact with the dummy as well as the webbing. Since this may introduce error in the data,
the webbing load data presented in this report should be used with caution. An accelerometer was
also mounted on the sled to provide reference data for adjusting the impact pulse. Unless
otherwise notad, sled and floor data were filtered in accordance with Channel Ciass 60 (0-100 Hz)
seat and dummy accelerometers in accordance with Channel Class 180 (0-300 Hz) and tensitmeters
in accordance with Channel Class 600 (0-1000 Hz) of SAE J 211b.

All tests were filmed on instrumentation cameras operating at 500 or 1000 frames per second.

TEST/SIMULATION PROGRAM OF STRUCTURAL COMPONENTS (Drop Tower
Method)

This program (ref. 66) called for crash testing and analytiéal simulation of helicopter structural

- components and correlation of the results.

The primary objective of this activity was to provide a validation of the analytical techniques for
helicopter crashworthiness design developed to date and as improved in this program. There was
also an interest in gathering basic crash response data that could be used directly in design or as
input w analytical procedures.

A nose section of a CH-47 helicopter from station 160 forward was used as the basic structure. A
“srward transmission and rotor head assembly were installed. Two crew seats were installed in the
cockpit; a standard CH-47 seat at the pilot locaticn and a crashworthy crew seat at the co-pilot
station. Each seat contained a dummy which approximated the 50th percentile aviator. Total
weight of the specimen complete with seats and dummies was 3800 pounds.

Instrumentation

Types of measunng devxceo used in thu test were accelerometers, strain gages, and deflection
indicators. ,

In addition to £100 g accelerometers some * 500 g shock accelerometers were used in areas where
high acceleration levels were predicted. These were used to overcome previous problems where
high g levels caused circuit saturation resultmg in excessive zero shifts with !ong term decay
charactenst.xcs « .

Five £100 g accelerometers (CEC 4-281-001) and five £50 g accelerometers (PCB Piezotronics
Inc., Model 302A) were mounted at selected locations. Three deflection indicators were mounted at
selected locations. Indicator tubes were attached to the floor and passed through the roof of the
specimen. Eight strain gages were installed on selected structural elements. All gages were
unaxial. An additional strain gage was installed on the crashworthy crew seat vertical colunmn.
Au,data were recorded on magnetic tape using an FM wide-band IRIG recording system,

...........
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Hoisting equipment was adjusted prior to the test to provide a nominal pitch attitude at release of
0° and a drop height of 17.3 ft to give an impact velocity of 33.3 ft/s. Roll and pitch attitudes were
also set to 0°. Four ropes were attached to the specimen to limit to 45° any postcrash rotation
about the pitch and roll axes. '

Black and white movies (1500 pps) were recorded at three locations and provided three views: a
rear view of the specimen, an oblique view from the right rear and another oblique view from the
left front.

A 400 pps color movie camera was set to view the crashworthy crew seat through the left side
copilot door opening of the cockpit. Additionally, two 24-pps movies were taken at approximately
the same locations as the two 1500-ppe cameras positioned obliquely to the specimen.

Of the 10 accelerometers used, all provided good data for the inital impact phase of the test.
Subsequent to initial impact, at time 0.06 second, one accelerometer signal was lost due to
collapsing structure of the station 95 bulkhead pinching a wire between the structure and the edge
of the mounting plate for the crashworthy crew seat. This resulted in signal loss from the
accelerometer mounted on the crashworthy seat-mounting plate. However, the data obtained up to
the time of signal loss is acceptable and covers the major range of interest for a test of this type.

Three deflection indicators were mounted in the test specimen. These were to provide time-history
records of the displacement of the specimen’s crown relative to the floor, and also to give a post-
test indication of the plastic deformation that occurred.

By using the pretest dimensions of the specimen in conjﬁnction with the post-test gross deflection

indications provided by a rubber grommet sliding on each indicator tube, it is possible to determine
the maximum elastic and plastic deformations that occurred during the crash sequence.

Unfortunately, 'only one of the de.lection indicators provided acceptable deflection time-history
data; the other two suffered from pcor wiper contact and possible wire binding and stretching.

A total of nine uniaxial gages were installed, eight at selected locations on the structure and one on
the vertical attenuator of the crashworthy crew seat. Some of the gages were in areas where severe
structural damage ' urred reeult.mg in gage failures, zerd shifts, and generally unacceptable data.

The strain gzge a pt.abxhty limitation i is the manufacturers recommended 1.5% strain value for
room temperature ndmons

Test Conclulionl

sonably good initial impact data for all accelerometer channels without
obviously extreme zero shifts or early loss of signal. The modified cn-cmtxy and use of 500 g
accelerometers for rding impacts of this mgmtude shows a mnrked improvement over the
results obtained for test numbeu 1 and 2. '

‘This test provided

The selected i xmpa
elements without
have resulted in
survivable crash.

using excesaive collapee. It is apparent that a greater impact velocity would
xcessive structural collapse and rendered the test unrepresentative of a

The strain gages suffered from the effects of adjacent structural failures rendering the data of
questionable value in some instances. In fact, it is proving to be extremely difficult to select

occur.
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velocity provided sufficient energy to cause failures of many of the structural’

positions for the su#m gages where uneful duta is obtained and ld)ncent structural failure does noc .
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In a test where limited instrumentation capability exists, it is considered that the use of more
accelerometers and less strain gages may prove to be more cost effective in provxdmg data suitable
for correlation wnth analytical results.

The deflection indicators again did not perform well, with only one providing a deflection time-
history. It appears that the problem is due to poor wiper action in conjunction with stretching
wire; future tests will incorporate a stronger wire material such as piano wire. Such an installation
will possess a lower electrical resistance value but it is considered that an adequate recording
system exists to accommodate this. Additionally, the generahon of a continuous signal thhout

' wipe chatter will enhance signal recording.

It was unfortunate that the high speed movie films were spbiled in development since a better
understanding of failure sequences may have been obtained for the primary structural elements.

However, overall structural damage and recorded data provide a good set of information for
correlation with computer simulation results. Y

STATIC TESTS

Static tests provide useful data on the crash performance of structures where the inertia loads due
to the local structural mass have a small effect on the crash response. Some examples of this are
fuselage structures in shear action, lower fuselage structure in crashing action, and seat structure
under floor displacement and occupant loads. The inelastic load: carrying capabhility of skin-
stringer, columns, and torque box sections for large deflections may also be obtained from static
tests. These data are useful in hybrid simulations in validating detailed structural models and in
assessing design performance of some components.

Static tests, while avoiding problems of dynamic data acquisition, do have problems of
maintaining load magnitude and direction, and valid boundary conditions during large deflections.
Internal loads usually cannot be obtained by strain gages as strain gages fail at the large
deflections of interest. However rapidly recording load cells and deflection gages may yield valid
force-deflection curves for the loading condition.

These techniques have been used suweaafully in the Army-sponsored study and in the NASA
General Aviation research on floor structure. Some further deveicpmeat of the methods might be
expected as additional test.mg ia performed

IMPACT TEST FACILITIES

Impact test far'lities suitable for research and development crashworthiness testing of structural

A _ subsystems auJ of complete aircraft have been reviewed. The review is confined to representative
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major government facxhuea ~
Crash testing of commercial jet tranaporu. or even stnxctuml components involves engineering
problems of scale which have been overcome in put testing but now take on a new dimension. For .
the 707 the fuel load weighs 72,498.2 kg, the wing tip-to-tip span is 44.42 m, and the ground to fin
tip distance is 12.94 m. Exaemnon of past test methods to the commercial jet will require
ingenuity. .

Table 5.4 identifies the 1est facilities and shows approximate test capabilities. Regarding existing
facilities, full-acale testing of commercial jet transport aircraft may be conducted at Dryden Research

. Center. The FAA Technical Center improved catapult will have the capability to test small jet

transports like the 737, DC-9, and the F-28.
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With regérd to testing of substructures and components, NASA Langley, the FAA Technical Center,
and CAMI facilities may be used. The CAMI facility is designed for testing seat/occupants.

An important part of test facilities is availability of adequate instrumentation and data acquisition
equipment At a minimum, the data system should be able to record accelerations of * 750 g at
frequencies of 600 Hz. At least 24 channels of this type data should be available. The current NASA
practice of passing the data through a 600 Hz low-pass filter prior to recording may be restrictive for
stiff substructures. Also high frame-rate (5000-10,000 pps) photographic coverage should be
available. At least three cameras are needed to record the structural response. A system for
accurately indexing the photographic records to the electronic instrumentation is necessary.

ASSESSMENT OF TEST CAPABILITIES FOR JET TRANSPORTS

‘Based on thé above discussions, assessments may be made of test capability, test method data,

systems, and test facilities needed to conduct the research and development programs. The
purpose of these test programs is to increase the knowledge of the crash response of the complete
aircraft and components. In order to be effective, such testing must provide engineering results in
much greater detail than that currently obtained from accident investigations.

Test Methods

Much reseaich isi. uired to develop test methods. With regard to testing of complete aircraft, the
only carryover from previous testing is the L1649 and DC-7 tests, which epply to the ground to
ground scenario. To test the air-to-ground acd the fhght—mtoobetrucuon scenarios, remote piloting
techniques to control crash condmons, and reliable onboard data acquisition techniques are
required.

Regarding component testing, some carryover from previous testing pertains to the testing of

. seat/occupant/restraint systems. While metheds of testicg fcr individual seat units have been

developed, there are many problems yet to be resolved. Of perticular concern is the variation in
results between what might be expected to be -imilar tests. Reference 65 shows a factor of
approximately 2 in lap-belt loads that is attributed ‘o the use of diffi:rent types of dummies. The
Army is concerned about this problem and is conducting a series of tests in which the same type of
seat and identical dummy is tested to the same conditions at NARDC, CAMI and Simula, Inc. (ref.
67). The results of these tests are to be compared in an attempt to resolve the dxfferenceo being
obeerved.

In addition, the interface between seat track nnd support structure needs definition. For light
aircraft and helicopters, deformations of one track relative to the other is usually recommended,
For transport aircraft wit.h_ deep floor beams, it is not clear that such relative deformation is

.obtainable or representative of crashes. In addition, the input acceleration pulse is yet to be

determined. Such questions as how many seat units or how much floor structure are necessary to
adequately simulate crash conditions are unanswered. Should load pulses be combined, phased,
and/or applied in sequence? How do restraint systems perform under such condmom and what
occupant should be reore-enwd" .

" Similar problems exist in tunng each of the other componenta In particular, how are crash loadn

to be reacted at the test-specimen boundaries in order to cause the structure to simulate the crash
dynamics of an accident? For instance, how much fuselage must be tested in simulating the air-to-
ground scenario? The ground-to-ground ucenario? Are wing reactions necessary? Further does the
nature of the cruh response change as a function of crash initial conditions?




To answer the kinds of questions present above, correlation between component testing and
oomplebe aircraft testing is necessary. Also, validated analytical methods are needed to extend test
results to regions where testing is xmpract.oa. and to correct results where crash boundary
conditions cannot be matched.

Data Systems

Data acquisition and processing systems developed for the NASA/FAA generai aviation program and
the CAMI seat program are sufficient to start test programs. However further development of
improved high g/high frequency accelerometers is needed. In addition reliable displacement
meaaunng devices are needed for dynamic deflection and spring back measurements.

In the area of photography. methods of obtaining good quality high frame-rate (5000-10,000 ppe)
pictures in the crash environment are needed to record detailed structural behavior. Research into
low-light-level television and methods of computerized picture enhancement and data extraction

. could greatly increase the data obtained and reduce data reduction time. :

i

Taest Facilities

Combplete aircraft testing appears feasible at the Dryden Crash Test Range and at the p.anned FAA
Technical Center catapuit. Instrumentation at both facilities is open to question. At Dryden, onboard
data systems are supplemented by telemetry used for flight tests. The telemetered data are of a low
frequency and of dubious value. Technical Center catapult data system has not been defined to
date.

The CAMI seat test range appears adequate for near term testing of individual seat units. Testing of
larger groups of seats and substructure may require testing in other facilities. Other components
might be tested in the azsorted catapuits, drop tower, and swing towers depending on the problems
of simulating the crask.

ASSESSMENT OF IMPACT RESISTANCE TECHNOLOGY

Current impact resistance design technology is based on the lessons learned from accident
‘experience. Technology is continually being improved to reflect the latest experience. From these

. lessons, experienced engineering design practices have evolved. These practices have developed a
Ingh level of impact resistance in the cun'ent commercial jet transport fleet.

_ 'l'he design technology has shortcomings in that most crash response mechanisms sre unknown.
There is a lack of quantitative méthodl for engineering analysis. There also is & lack of definitive
crash loads. This has led to comparison of designs to existing capability. While this process has been
successful where a data base exists, there is concern for new configurations and advanced
materisls apphonuon for which no accident dlta base exists.

Test methods for complete aircraft and for structural components need development. The most
recent ‘ransport aircraft crash test was in i964 with limited results. Jet transport structursl
component testing to simulate crash conditions needs development. Size and initial conditions of
such testing introduces a new set of test problems. Adaptation of existing facilities and the
development of new facilities needs ressarch. Existing test facilities and methods could serve as a
starting point for a test program.

Existing analytical methods are research tools. Mlnypmgnnu have technical shomomings for
crash nimulation and are not completely validated, but if validated could contribute significantly
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to test planning, prediction of results based on state-of-the-art knowledge and theory, and
postcrash data analysis for complex interactions. Model techniques and structural data bases to
support crash simulations for both structural components and complete aircraft needs
development. Further, the programs need modification, both to make them user oriented before
they can become engineering tools and to reduce the large coet of analyses.

For seat/occupant modeling the programs have reached a more aGvanced stage of development
than the structures analysis programs. However, more complete representation of the occupant
and surface contact would permit bet:er simulation of occupant response. Problems exist in
relating the analytical output to human injury.

As an overview, the problems have been defined and some analytical and experimental methods
and facilities are available. It appears that the ingredients for research and development program
exist. With the advent of advanced aircraft the impact response problems take on added
significance.

RESEARCH TO IMPROVE CRASHWORTHINESS TECHNOLOGY

Requirements for research and development effort that will result in improved technology for
crashworthiness engineering of commercial transport aircraft are presented. The required
technology is discuseed in terms of disciplines. Problem areas for current and advanced transport
aircraft are identified, and areas of research and development are discuseed.

REQUIREMENTS FOR IMPROVED WOMY

Based on the assessment of the current state of technology four goals must be achieved to
significantly improve crashworthiness engineering for commercial jet transport aircraft.

First, definition of the survivable crash environment is required. This definition should include
crash loads and displacements for each.scenario. Rational relationships between the crash loads
and displacements and the range of xmtnl conditions with various hostile environments should be
established.

Second, an understanding of the crash response mechanisms of structural components and of

. complete aircraf’. in these scenarios is required. The effects of facton mﬂuencmg theee

mechanisms must be understood.

" Third, validated nnmyual inodelmg' and test engineering methods must be developéd These
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methods should be capable of treating structural components, occupant response, and complete

i aircraft. Further the methods must be usable in engineéring applications.

Fourth, human factors and injury mechanisms for commercial tnmport occupants must be
defined. The relationships between engmeenng quantities such as acceleration pulses, impact
loads and displacements, and occupant m)ury are noce.ury to provxde adequate levels of occupant
pmt.ecuon .

- Achievement of t.he;o four goals will pei'mit detailed engineering of crashworthiness to a level not

now available. Improved technology will permit design considerations affecting crashworthiness
to be treated on a more rational basis and to more fully participats in the design process. Further,

" as advanced design concepts and materials are considered, cmhworthmeal requirements may be

more fully anticipated than in the past.
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CRASHWORTHINESS DISCIPLINE

“Mature” crashworthiness technology might be envisioned as five major areas of activity. Each of
these areas leads to the quantification of crashworthiness parameters and understanding of crash
phenomena in order that protection for occupants might be improved. .

The five areas of activity are shown in figure 5.9. The areas are defined to the third level of detail.
It is expected that technology will evolve as the program progresses.

DATA BASE

Data base activity treats the collection and maintenance of data germane to structural
raahwort.lunees and occupant protection.

The data base has heen divided roughly into four categories: crash statistics, acenario refinement,

performance norms, and human factor data. For the most part, the activities under each of these -

categories are self evident and in many instances represent an extension of ongoing efforts and of
studies conducted herein.

With respect to the establishment of survivable crash initial conditions, moze applications of the
work of Wingrove et al. (ref. 68) in conjunction with the NTSB could improve the definition of the
crash conditions. Accurate definition of the initial conditions could enable accidents to be used in
simulations to better define the environment in scenarios. Such resuits would augment the data
from crash testing full scale aircraft.

To assist the NTSB in develop.ng structural data for crashworthiness from accidents, an
investigation team of research and engineering-oriented people from government is proposed. This
team would inspect selected accidents to obtain data on the crash performance of structural
systems. It is recognized that o high level of cooperation between the NTSB and the team must
exist for such an endeavor. However, the increase in the amount of engineering data from
accidents could be substantial.

-Human fectors area needs better definition. Considerable attention has been directed toward

occupant injury mechanisms. However, with improved structural and occupant modeling,
interactions between occupant and the restraint system and with the surroundings may be studied
for nnpmved design. Of particular unportance is the development of a relationship between
engineering parameters and occupant injury. Improved definitions of occupant modeling
parameters such as spring constants, damping ratios, and kinematics should be developed for
simulations and for anthmpomorphxc dnmnneo

" METHODS AND FACILITIES

.The methods and facilities area is concerned with development and validation of malyucnl and

experimental met.bods. test facxhneo. and simulation tochmqne-.

Current analytical programs such as KRASH. DYCAST, and MSOM-LA should be kept vp to date
and extended. Updating relates to modern program -architecture to reduce consumption of
computer resources and to facilitate user application. Further, with the advent of more powerful
computers, existing codes should be rewritten to reflect these advances.

Extension of the analyses should more accurately depict the behavior of the structure, Occupant

. models should be extended to pro\nde for 3-D reeponse and for multiple occupants in a seat unit,

.....
........
...........

'''''''''''''




sielag
sjuauodwo)
suoneinByuod Hy

s1dau0?d
uonsnnsuoy M)

S3MABP INISEIRY
sjuswiuodde
pue §)eag

$594I05Qe
ABiau 3 u

SwSweyIaw npe 4
uondiosqe ABiauy
373URISISA 1PPCuY

siealew feed

SI'32u0D
pAjueApY

- EEQE&. juswdojeaeg pue yoreasey ABojouyoay mmoe..:to\s:wso..m ‘¢ einbiy

3duewiopsd
35000Sa: UsSe)Y)
speey

159)

GEVILLT TRV J1o)
speo
LTV TRYLY 3T

Bunapow
reonAjeuy T

Omeyaq ang
vondosqe £6:0u?
S$asuanbas pup

sapow ainpe4
speo

101ARYDQ 31 y4
uvondsosqe ABiau3

$35usnbas pue
Sapow v 4
speo

2uBUNOpad
wauodwod

uoHEMBAD
0urUAIG

WOWuUoAUe
uoneI)BIOY

sasuanbas pue
Sapow a:npey
sped yser)

SWSIeYIIW

SuauodwoD)

UOURMNMRAD
1da2uU0d 8oueApY j

asuodsas ysey I

Ny 3210w

UonepyeA
s9yovoidde pugAH
S1SI) diemprer
sanbwydal pue
Bunapow eINkjeuy

$3anNdbuydI

uonINpPas eep
pu® UOHEIVIWNIISUL
spierey
b3
spaig
syndeie)
S$19M0) d0sQ
ssamol buimg

St 4

Gunapow a1€2G
$2:npad0)d Mes
syuauodusod
v  #i3dwod
$31NP20:1d weuiQ
Burssad0:d viep
pUR vonRILIWNIISUYL

SPOUIAW 158) e

Speo) (#wIdn3y
WewdoIaAap SWeISAS
swe,60.d juednIdQ
swesb0sd wsnpPng

spoyIow
monkjpuy

uone NG ™

mo,-._.uﬂ\.
DUR SDOYION

sanuwnp pig -
siaawe1ed voneINuNg
umendng JwedndIO
. - S13A3| 3DURINOY
swsiveyIdw Amlug

SIPOW N} (@ MONNS

eSS g

SOOI USRI JUALOdWOo))
yondiosge A61dua

Wwauodwo)

. suou
acewsopad

VAHLBUYI: O1RUBIG

WALUOHAUS LONEINIDDY

uonebusaau 1uapdIy

D ¥ - $RWEVAD ys®D
- VONBURLIDID

VOWIPUODD FENN)

i ainseaw sprezeyy
Aldnas x 1§
oneus 3
vonedy1sse)D)
" uonedinied WwWauodwo
M 1LaP1dY

sousuers
uses) B

$10100; vRW N I

$01PLAIG et

aseq eieQ

136




For instance, the inclusion of accurate modeling of seat structure and restraint harness in
occupant models to depict the interaction between occupants and structure.

Structural programs should be extended to permit accurate representation of fluid pressures in
- fuel tanks under sudden accelerations for the tank rupture problem. Where multiple failure modes
are possible, heuristic logic may be incorporated in the coding to permit the dynamic response to
follow “minimum energy” paths. These types of approaches may even lead to using the computer
to optimize the model while processing the data.

Development. of modular analysis systems that permit the analyst to use only the modules
necessary for the solution of problem at hand is needed. While it is desirable to enhance the
capability of the analysis system, it should not be neceseary to drag all these additional features
into the computer for every problem. For instauce, if one is analyzing floor structure only, then
modules and storage for occupant response or hydrodynaxmc forces may not be needed. Efﬁcmnt
use of computer resources is a must. .

Analytical methods and models for aimulation of boundary conditions needs to be improved.
Current. programs introduce loads into the models through springs or through fixed boundaries.
Accurate representation of this process is necessary if detailed simulated structural behavior is to
be achieved.

The level of validation achieved for the analytical tools will affect the usefulness of the tools for
engineering purpoees. Hence, every effort is needed to improve fidelity of analytical results in
simulating the crash response of structure. Expérience and supporting data for modeling that will
extend the applicability of analytical methods and develop confidence in engineering application are
. needed.

Crashworthiness test method research and development is separated into four areas:
instrumentation and data processing, dynamic procedures, static procedures, and scale modeling.
Effort in these areas is needed to improve current téchnigues to better represent crash conditions,
to permit the study of structural subsystems, to acquire data for hybrid simulation, and to allow the
use of acale models for testing large aircraft or components.

While a crash may have a duration of many aecond.s from initial impact to final arrestment, the critical -
deformation of structure may occur in milliseconds. This small time imposes severe sampling
" requirements on instrumentation. Current test data contains errors due to accelerometer drift,
coordination of events, and to processing problems. Further, definition of actual response may be
incomplete. Deflections should be dynamically measured to properly account for the sequence of
failures and the effects of spring-back. In addition, the instrumentation must be sufficiently rugged to, .
withstand the crash environment and still function properly.

Reaearch nnd development is needed to improve the measurement of accelemt.lou. velocities, and
deflections under test conditions. The application of laser techniques shouid be investigated.
. Photography is particularly difficult and efforts to extend the coverage to high-frame rates is needed.
Picture enhancement procedures. developed for space exploration may have application.

Further effort is needed to handle the vast quantities of information obtained in a test and to present
this information in a readily digestible format. This is particularly true of photographic data.

Dynamic test procedures may be separated into complete aircraft testing and afructural
subsystems tests. Methods of testing complete aircraft are complicated simply by the scale of the
model. T,l“ up-coming test of the 720 aircraft in 1984 will suggest further areas for development. ’




Procedures for testing structural subsystems need further development. Current test methods for
testing seats/occupant,/restraints have provided good data. However, these methods are limited in
model size, and in the crash pulse, which may be simulated. In addition, the construction and
instrurrentation of occupant models still raise many questions. In many respects, these problems are
facility related. '

Some testing of structural subsystems has been aooomphahed on fue! tunks and fuselage sections
for smalil aircraft. These tests have been limited in direction of impact loads and in size of the test
specimen. Extension of these methods to other subsystems and to a more complete range of load
conditions requires effort. Further, the proper representation of structural boundary conditions
and of external loads is nesded.

Static test resuits have been found to be useful in obtaining input data for simulations involving
some lightweight, highly stiff subetructures. Methods for conducting thece types of tests need
development. In particular, methods of applying loads statically to simulate the dynamic load
distribution are required. Further, a method of maintaining the applied loads and their directions
through the large structural deflections is needed.

Scale modeling for crash tests to provide data at reduced costs and in a timely manner should be
investigated. While scaling !aws for crash testing are known, limitations on the method need be
developed particularly with regard to model details and for orthotopic materials such as
composites. Problems may exist with regard to ply thickness and fabrication methods for these
materials.

FACILITIES

It is expectaed that as crashworthiness research and development progress, extension of existing
facilities will be required. For some types of testing new facilities may be needed. A part of the
total program is updating of existing facilities and development of new facilities.

As some facilities already exist in the FAA, NASA, the military, and indusiry, a team approach to
facilities development should be used. An overview committee of interested parties should provide
goals and policy for «xpansion and development of the necessary facilities.

SIMULATION TECHNIQUES

Methods of simulation need development. Methods of modeling to use analytical tools and of
testing, to identify crash response, ~sed to be developed to levels suitable for enginsering
application. Various approaches should be verified qnd validated. As better methods are
developed, this information ahould be made available. -

COMPLETE AIRCRAFT TESTING

Crash mnng of complete highly instrumented aircraft is divided into threo areas: identification of

crash response mechanisms, structursl subsystem perfomance. and advanced concept evaluation.
. Each of these areas is treated below. ,

Complete aircraft tests are required to identify the structural crash mponn méi:hunisms ;

including the interaction of various subsystems. Included in this area are evaluation of crash loads,

structural response, acceleration environment, and scenario definition.

Crash loads and acceleration environment will provide data for comparison with calculated values.
These data, in conjunction with data derived from accidents, may be used to assees the adequacy of

...................




crashworthiness for complete aircraft. Structural response will provide deflection, failure mode,
and sequence date usefu! to the assessment of engineerirg methods such ae simulation and
modeling. Further, it may be used to evaluate and refine crash scenarios.

Structural subeystem crash performance may be obtained in the complete aircraft test. Loads
experienced by the subsystems may be obtained for comparisons with design values and for use in
subsystem testing. Failure modes and sequence may be obtained in:luding effects of interaction
with other subsystems. Energy abeorption characteristica of the subsystem may be assessed and
the adequacy of its crash performance may be assessed.

Complete aircraft tests should also be used to evaluate advanced crashworthiness concepts. For
instance, applications of advanced materials or energy absorption designs for various subsystems
may be assessed. Effects of such components on crash loads and envircament may be evaluated.

As part of this testing, the contribution of the various subsystems in reduciig the fire hazard and
in protecting the occupants may be evaluated. Further, the full-scale crash tests afford
_opportunity to refine the definition and relate crash loads and displacements to scenarios.

' STRUCTURAL SUBSYSTEMS

Research into the crash behavior of structural subsystems consists of both: analysis and test.
Emphasis is piaced on treatment of subsystems because the subsystems must perform their crash
function in order to achieve crashworthiness for complete aircraft. Further, it is in detailed -
mechanisms of failure that engineering changes may be affected. In addition, in testing the
subsysiem, detailed crash response of the subsystem may be better measured than from complete
aircraft testing.

The potential for improved crash performance for structural systems has been assessed to provide
some guidance for the planning of a research program. The potential for improved performance is
assessed relative to the crash function. On this basis the assessment in table 5.5 is presented. -

The rating potential for improved performance is given in relative terms; C being good potential, B

being better, and A being best. These ratings are subjective and do not reflect the difficulty in

advancing the technology. It is expected that some ratings will change as the research and
“evelopment program pmgreeaee.

Analytical research treats the methods of modeling the subsystem to depict detailed crash
response. Subsystems of immediate interest are wing tankage, seat/occupant, floor/seat/occupant,
and fuselage sections. In this endeavor, the full power of analytical programs may be used to
represent the structure in detail. Reaults of these analyses should be validated with subsystems
tests. Computer programs may be assessed for technical deficiencies and simulation techmques
may be developed for engineering application. .

Testing of structural subsystems will permit identification of detailed failure mechanisms and
sequences of events in simulated crash conditions. In addition, these results may serve as a basis
for comparison for the evaluation of advanced concepts. In many instances, representative metal
~ structure suitable for testing may be obtained from overaged transports being retired from service.
. . Further, such structure specimens are within the test capacity of some existing facilities.

Advmcgd material applications for some subsyctems may also be tested as a part of the metal
specimens. As the applications advance, new specimens may have to be fabricated.

..........................
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'Subsystems should be tested over a range of mmal condmona compatible with those used for
complete axrcraft

ADVANCED CONCEPTS

Research and development for advanced crashworthiness concepts includes areas of new
materials, energy absorbing applications, and a general category called “construction concepts.” It
is anticipated that as crashworthiness technology is developed and as new structures and materials

- technology is applied to aircraft design, advanced concepts may be necessary to provide occupant
protection in crashes.

- The new materials area is concerned with developing technology for understanding failure
- mechanisms, and for increasing impact resistance and energy absorption characteristics of these
p - materials, principally composites. The effort treats materials at coupon or small specimen level,
and deals with effects of hybrid materials, ply orientation, etc.

F ' Fire resistance of advanced materials should be investigated in. both small spécimens and in
- structural components. Methods of improving burn characteristics should be evaluated. Structural
performance of these components in the presence of crash heat pulse should be understood.

Energy-absorbing applications are concerned with seats and immediate occupant surroundir.gs and
with “parasitic” ‘materials/devices introduced specifically to provide energy absorption. An
example of the latter is crushable material applied at the undersxde of the fuselage to provide
energy absorption.
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[- Construction concepts are concerned with effects of application of the advanced materials to

.- aircraft details and components on the crashworthiness of aircraft configurations. At this time,

ﬁ the crash response of aircraft primary structure made with new materials is unknown. It is
conceivable that historic crash functions of the aircraft subsystems may have to be modified in this

g process and new strategies for protection of occupants devised.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

One hundred and fifty-three jet transport accidents have been studied in depth. The status of

. structural crashworthiness technology has been reviewed. Conclusions resulting from these studies

are presented and discussed. Based on these conclusions, problem areas relating to commercial
transport are identified for future research and development Fmally, a research and development
program is recommended.

When considering all the commercml air transportation system safety related problem areas it is
believed that the most significant reduction in fatalities caa be achieved by simply reducing the
number of accidents. No significar.t technological breakthroughs are required to achieve this goal. In
section 2, it was shown that approximately 76% of the commercial jet aircraft accidents have been
attributed to cockpit crew factors. Therefore, research and study of these factors in areas of cockpit
design, system design, and crew human factors should receive major emphasis.

Another safety-related problem area is the airport environment. Studies of ground traffic control
systems end ground operation procedures should be directed toward elimination of collision
accident. The severity of many veer-off and overrun accidents could be substantially reduced if
hazards on and around the airport were eliminated.

Current commercial jet transport aircraft poesess a high level of crashworthiness. This is due in part
to stronger structure, less volatile fuel and improved design methods. Design methods are
continuaily being improved based on knowledge gdined from accident experience. It is desirable to
continue this improvement of existing designs and to retzin their beneficial characteristics as future
designs using advanced materials and concepts are developed. To achieve this will require
substantial advances in structural crashworthiness technology.

CONCLUSIONS OF THE STRUCTURAL CRASHWORTHINESS STUDY

Fn'st, the greatest potential for xmproved su.-vxvabxhty in commercial jet transport urcraﬁ accidents is
in the area of fire related fatalities. Research relating to prevention of fuel fire merits the highest
priority. Time is a critical element associated with eacape when a severe fuel fire exists outside the
aircraft or when the aircraft is sinking in deep water. If flame and smoke enter the fuseiage passenger
area immediately after the aircraft comes to rest, the probability of escape is reduced substantially.
Retaining fuselage inieyrity and delaying entrance of smoke and flame is essential if survivability is to
be enhanced. Debris and obstructions that hinder movement of persons on the escape route cause
delays that reduce the probability of survival. Consequently, factors that would increase the available
time for egress or reduce the time required for egress is essential. Fuel additives as in the anti-
misting kerosene program, rupture resistant fuel tanks or cells, and structural mpmvements to
protect fuel tanks and occupants should be subjects ot' reeenrch

Second, structural integrity of fuel systems. fuselage, and landmg gear are leading candxdates for
improved crashworthiness. Structural integrity of fuel systems is a key factor in prevention of
postcrash fire. Integrity of the fuselage contributes to the reduction of fire related fatalities by
preventing or delaying the entry of fuel, fire, and smoke and by maintaining egress routes. Main
landing gear that are more tolerant to off-runway conditions would continue to provide ground
clearance for the wing and engine pods thereby reducing wing breaks and tearing of tank lower
surfaces, and engine pod scrubbing or separation.

Third, where trauma fatalities have predominated, the energy absorbing p:ﬁtective capability of the

aircraft structure generally has been expended and the aircraft has experienced major structural
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damage. This is discussed in section 5. However, trauma fatalities might be reduced by improving
energy absorption capability and fuselage structural integrity. While current occupant seat/restraint
systems have performed well in accidents, little is known of the relationship between occupant
response and structural dynamic characteristics of the seat, floor, and fuselage. Only recently has -
modeling progressed to where some of this behavior can be more thoroughly explored. This
becomes particularly important for applications of advanced materials. Further, aircraft occupant
impact tolerance needs improved definition.

CRASHWORTHINESS PROBLEM AREAS

Based on these conclusions, problem areas for future structural - rashworthiness research and
deveiopment are presented. These problem areas are categorized witl: regard to current aircraft,
advanced aircraft, and full-scale crash tests. Within each category problem areas are presented in

order of priority. The problems are shown in figure 6.1.

Postcrash fire hazard reduction through the development of fuel additives, improved fire '
resistance technology, improved occupant egress, and fuel containment have high priority. This
subject has been treated in the SAFER committee recommendations (ref. 69). Structural crash
response is concerned with tank rupture mechanisms and with cabin interior equipment. Fuselage
structural integrity also plays an important role in the postfire hazard by preventing entry of fuel,
fire and smoke through breaks in the fuselage and in protecting established egress routes by
maintaining the floor structure and operable doors and hatches.

The role of mainlanding gear in maintaining ground clearance for the wing and fuselage has been
seen in section 4. A gear with increased resistance to separation in rough terrain may reduce the
likelihood of wing tank breaks and tank lower surface tears, engine pod separation, and could also
eliminate some friction fires.

In addition, fuselage structural integrity provides the occupant with a protective shell and with
energy absorbing load paths. Methods of increasing break resistance of the fuselage are needed.
Similiarly, optimization of fuselage energy abeorption is needed. Improvement of structural
integrity will tend to reduce trauma m)ury

Occupant injury reduction is concerned with floor/seat/occupant/restraint systems. The system
nonlinear dynamic response needs to be understood. Current commercial practice defines the
problem in terms of static enveloping values based on accident experience. For new lightweight
seats, the effect of departures from proven designs on occupant hazards or injury potential should
be understood. Of particular concern is dynamic response of the occupants in new seats as
compared to conventional seats as both seat and occupant interact with floor acceleration pulses.
This response involves the complete seat aystem from floor structure and seat attachments to
impacting surrounding objects. A similar problem exists for the conventional seat to a lesser

_ extent. Research into lthe effects of the pulse on both the seat and occupant is needed.

Methods of accident-envelope analyses are needed for asseasing crash performance of aircraft and '
structural components. Such methods provide a means for parametric studies and extrapolstion
from crash test and accident data to other scenario conditions. Proven simulation techniques are

' .necessary for engineering purpoees

Crash performance assessment of the aircraft and structural components needs improvement.
Since cost of full-scale aircraft tests precludes many tests, it is important to extract as much
engineering data as possible from accidents. For some accidents, in which the aircraft has not been -
completely destroyed, additional support to the NTSB by impact dynamics research personnel
from NASA and the FAA ‘may produce more data. This data is needed to study accident beha\nor
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Current aircraft
Fire hazards
Structural integrity
Trauma injury
Crash envelope analysis
Crash pertormarce assessment

|  Advanced aircraft

Matenal performance

Component performance

Aircraft occupant protection concepts

Full scale crash tests
8720 test : : )
Future full scale crash tests .

Figure 6.1-Structural Crashworthiness Problem Areas
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with analytical methods and for simulation testing of st.ructural components In addmon such
data will be useful i in refinement of the nocxdent 8Cenarios.

Advanced aircraft problems are concerned with t._he introduction of advanced materials,
graphite/epoxies in particular. Problem areas exist in material crash performance, advanced
component performance, and with aircraft occupant protection concepts. Problems with material
performance includes high energy impact resistance and burn characteristics. Design latitude
afforded by these materials in ply orientation and introduction of modifying materials may permit
desirable impact characteristics to be achieved. With regard to burn characteristics, these
advanced materials may provide protection to the occupant by not melting in the presence of a
heat pulse while retaining a char barrier and by reduced fncuon sparhng

Crash performance of structural components made from advanced matenals must be compared to
that of current structural components. Differences in performance must be assessed for their
effect on accident performance of the complete aircraft. Impact response mechanisms of advanced
oomponents must be understood in order that accident performance might be optimized.

New occupant protectxon concepts for advanced aircraft may be required. Current metal aircraft
have inherent properties contributing to crashworthiness provisions in addition to other design

. conditions that may not be present in advanced aircraft. Consequently, it may be necessary to

introduce new approaches to occupant protection.

Since accident performence of full-scaleé aircraft has such an unpor'...nt role in crashworthiness,
problems of testing full-scale aircraft must be addressed. In addition to technical problems of test
methods, data acquisition, and reduction, the severity levels of the tests must be within the
envelope of survivable accidents for maximum application of the results. This requires further
refinement of the accident scenarios and implies some knowledge of human injury tolerance. These
pmblems should be resolved prior to the planned test of the 720 alrcraft

RECOMMENDED RESEARCH AND DEVELOPMENT

A research and development program is presented. One objective is to understand the crash
response of current designs and to develop structural impact technology that might improve
current commercial jet transport aircraft and serve as a basis for the assessment of advanced

. aircraft structure. A second objective is to understand the crash performance of advanced

structural componenta. A third objective is to obtain crash environmental data from full-scale
complete aircraft tests for valiastion of technology and, for assesament of crash scenarios.
Recommendations are given for current metal nmcraft.. advmced aircraft, and for fuli-scale
oomplete urcnft tuu

CURRENT METAL AIRCRAFT

Reeeareh on reduction. of the pom:ruh fire hazard is recomxnended SAFER Commxttee
meommendatxom on fuel addmveo. fire resistance, and fuel containment tachnoiogy are

supponed

With respect to the structural rolo in fuel conumment. research into the various mechanisms of .
tank rupture is recommended. Experimental and analytical methods of sunulatmg tank rupture in

crash conditions should be developed. Research should include full-acale aircraft and component

testing of structural improvements and of devices or t.echmqueo to reduce the fuel flow rate fmm

fractured tanks. .
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To improve occupant egress, the effects of representative crash accelerations and displacements
on containment of cabin interior equipment and contents should be determined. Galleys, overhead
compartments, ceiling panels, lighting, and other interior appointments should be studied to reduce
blockage of egress routes. For water entry, new designs and techniques for storage and
deployment of life rafts and floatation equipment that will facilitate egress and eliminate blockage of
exits should be developed.

Research to improve structural integrity of the fuselage is recommended. Studies into the,

mechanisms of fuselage breaks, maintenance of protective shell, optimization of energy absorption,
distortions at doors and hatches and floors for the crash scenarios should be done. To accomodate
water entry, studies of design improvements that will eliminate tearing and rupturing of the fuselage

lower surface by hydraulic action of the water (some inward crushing would be tolerable) thus

improving the floatation capability should be done.

Main landing gear accident performance in rough terrain should be studied. Crash loads and

displacements for existing gear concepts for representative hazards should be determined. The

interaction of the gear and the attaching structure should be underswod Advanced concepts for
improved crash performance should be developed.

Research for trauma injury reduction is recommended. Studies to ascertain the effacts of fuselage
structural arrangement on the acceleration impulse and floor displacement experienced at the points
of seat attachment should be conducted. Effects of the shape, magnitude, and duration of the seat

" acceleration impulse on seat/occupant/restraint system response should be obtained for current

seats and for new lightweight seats. Also seat capability in terms of both static and dynamic loading

should be established. Effects of occupant parameters such as mass, size, distribution, occupant
accelerations, restraint effectiveness and seat deformation should be obtained. Effort should be
made to relate engineering measurements to occupant injury and injury indices.

Crash envelope analyses need to be developed for assessment of crashworthiness. Existing
computer programs such a8 KRASH and DYCAST may serve as a starting point. Limits of validity
of such analyses need to be established. Methods of accident simulation and the data base to
support tiis approach should be developed. The technology of these methods should be extended.

Research for crash performance aseessment should be done to refine the accident scenarios.
Efforts to obtain data from selected accidents to better define the initial conditions and the
sequence of events are needed. Engineering data for accident simulation shquld be obtained.

ADVANCED AIRCRAFT

Research is recommended in high energy xmpact for advanced materials such as graphité/epoxy

- Effects of design parameters on impact resistance should be determined. Ways to increase impact

resistance and burn characteristics should be sought.

With respect to 'advanced components, 8 program to determine crash performance should be
conducted. Analytical and experimental crash simulations should be made. Advanced component
performance should be compared to current components and differences identified. Met! s of
modifying the performance should be explored.

It is anticipated that impact resistance of advanced materials and energy absorption
characteristic¢s of components made of these materials may be sufficiently different from current

“metal aircraft that new concepts of occupant protection might be needed. Of particular concern are




wing tanks, fuselage integrity including energy abeorption, and the floor/seat/ occupant/restraint
system. New approaches to occupant protection should be investigated.

FULL-SCALE CRASH TESTS

The planned 720 crash test should be instrumented to obtain data on structural components and
seat/occupant/restraint systems. Crash response modes and loads on both the structural
components and the seat/occupant/restraint system should be obtained. Full-scale tests should be
used to refine the scenario. :

Depending on the success of the 720 test, udditional full scale crash tests should be considered.
Future tests would serve to evaluate other scenarios and to more completely define the crash
e_ivimynment and crash response mechanisms. They would also be useful for validation of analytical
methods. As advanced materials are incorporated into future aircraft, full-scale tests for occupant
protection concept validation should be considered. An ob)ectwe of this program is to minimize the
need for full-scale crash testa. .

RECOMMENDED PROGRAM

The program recommended for inclusion in the planning for the NASA/FAA Crashworthiness
Research program for General Aviation and Commercial Jet Transport Aircraft is given. While the
complete development of the crashworthiness technology is a worthy goal only major segments are
suggested.

Major segments of the program are identified. A strong emphasis is placed on the performance of
advanced composites. The segments include fuel containment, fuselage integrity/energy
absorption, floor/seat/occupant response, complete aircraft response, accident investigation,
component performance, and support technology. The elements of these segments have been
dmumedmthebodyofthestudymdmeecﬁonSmparﬂculu

A tenative schedule through 1990 for the recommended segments in the N ASAIFAA research and
development program pertaining to commercial jet transport aircraft is shown in figure 6.2. The '
schedule is based on task priority, current state of the technology. estimates of available facilities,
and timeliness to aircraft applications. ,

Boeing ‘Commercial Airplane Company
P. O. Box 3707

Seattle, Washington 98124 ,

August 10, 1981 ; : _ !
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Recommended NASA/FAA Program

81 82 83 84 85 86 87 88 89 90
Fuel containment 1 Metal 1
I Composite |
Fuselage integnity energy | Metal ] 1 :
_absorption [ Composite 1
Fioor seal occupant Metal seats Floors {Metal) ]
, | seats |Fioors | System | Compasite 1
Complete arcralt [ 8720 \/ T T TAdvanced __ Concepis |
Accident mveshgalluon [ Scenario.initial conditions. crash performance ] .
Component performance | Metal 7/ Composile ]
Support technoiogy L Matenai testing. analytical development ]
Figure 6.2-Commercial Transport Structural Crashworthiness
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APPENDIX A

v Accident Definition
(As Defined by the National Transportation Safety Board)

“Aircraft accident” means an occurrence associated with the operat.xon of an aircraft which takes
place between the time any person boards the aircraft with the intention of fhght until such time
as all such persons have disembarked, in which any person suffers death or serious injury ar a
result of being in or upon the aircraft or by direct contact with the aircraft or anything attached
thereto, or the aircraft receives substantial damuge. .

*Operator” means any person who causes or authorizes the operation of an aircraft, such as
the owner, Ieeeee. or bailee of an aircraft. '

“Fatal injury” means any injury wlnch results in death within 7 days.

“Serious injury” means any injury which (1) requires hospitalization for more than 48 hours,
commencing within 7 days from the date the injury was received; (2) results in a fracture of
any bone (except simple fractures of fingers, toes, or nose): (3) involves lacerations which
cause severe hemorrhages, nerve, muscle or tendon damage: (4) involves injury to any

internal organ; or (5) involves second or third degree burns, or any burns affecting more than

5 percent of the body surface.

“Hull loss” means damage due to an accident which was too extensive to repair or, for
economic reasons, the aircraft was not repaired and returned to service.

“Substantial damage”

(1) Except as provided in subparagraph (2) of this paragraph, substantial damage

: means damage or structural failure which adversely affects the structural
strength, perfonnmce. or flight characteristics of the aircraft, and which would

, normally require major repair or replacement of the affected component.
(2) Engine failure damage limited to an engine; bent fairings or cowling; dented skin;
small punctund holes (n the skin or fabric. Damage to landing gear, wheels, tires,

flaps, engines accessories, brakes, or wing tips are not eonndered aubotanml

dnmge for the purpose of this part.

A *survivable” accident is one in which the fuselage remains relatively intact, the crash |

forces do not exceed the limits of human tolerance, there are adequate occupant restraints,

and there are -ufficxent. escape provisions.
’m 0.
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APPENDIX B

The following 1980 accidents would be good candidates for additional study'

1. 707  2/27/80 China, Manila, hull loss, 3 of 135 were fatalxtxes. severe fire, hard
touchdown, wing failed. .
2. 707 5/11/80 Sobelair, Doucela, Cameroon, hull loes, no fatalities, no fire, veer
-off. .
3. L-1011 8/19/80 Saudi, Riyadh, hull loes. 301 fatalmee. cabin fire in flight, landed ¢
but no evacuation.
4. 727  9/3/80 Pan Am, San Jose, Costa Rxca. hull loes. no fatalmee, touchdown
short, no fire. '
5. 737 10/6/80 * Air Florida, Port au Prince, substantial damage, no fatalities,
veered off runway, separated gear, fuel leak through crack in
fitting.
6. 747 11/15/80 Korean, Seoul, Korea, hull loss, 14 of 226 were fatalities, severe fire
(nonfuel) touchdown short, gear separated
7. 727 . 11/21/80 Air Micronesia, Yap Island, hull loss, veered off runway, no
fatalities, severe ﬁre
8. 707 12/20/80 Aerotal, Bogota, hull loss, no fatalities, touchdown short, severe
fire. ' o
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APPENDIX C

This form appearing on the following pages was used for the data search of the accidents.
' It is presented here as a couvenience to the reader.
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ACCIDENT IDENTIFICATION

DATE

ACCIDENT PILE NO.

TOTAL ONBOARD

A/C MODEL

AIR CARRIER

LOCATION

CREW (+NON-REV.)
PASSENGE.S
TOTAL FATALITIES

TIME (LOCAL)

FLIGHT PHASE

DAMAGE, (HULL, MAJOR)

TOTAL SERIOUS INJURIES
IMPACT SURVIVABLE YES NO

TYPE OF ACCIDENT

TERMINATE IN WATER

IN-PLIGHT FIRE

GROUND IMPACT - NO PIRE

GROUND IMPACT -~ MINOR FIRE:

GROUND IMPACT - MOD. PIRE —

DESCRIPTION OF ACCIDENT

GROUND IMPACT ~ SEVERE FIRE

STRUCTURE RELATED TYPE

WO STRUCTURE DESCRIPTION

- COCKPIT DAMAGE

PUSELAGE BREAK

BELTS/SEAT SEP-

GEAR SEP

TANK RUPT. ENGINE/PYLON SEP °
FLOORS DOORS
DEBRIS 'FUEL LINES

WEATHER  TEMP.
DESCRIPTION AT IMPACT LOCATION

WIND

TERRAIN AT IMPACT LOCATION

A/C ATTITUDE AT IMDACT
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PILOT ACTIONS

PLIGHT DATA RECORDER ANALYSIS FLAPS _
AVOIDANCE ACTIONS y

ROTATION SPOILERS ___ FLAPS
BRAKES REVERSE THRUST ' POWER
STEERING OTHER CONTROL APPLICATIONS

A/C CONFIGURATION AT IMPACT ' | '

GEAR L MLG R MG NOSE GR

EST. FUEL QT. GAL. NO. 1 NO. 2 oW NO. 3 _____ NO.4 _____

AT IMPACT - A/C SPEED RATE OF DESCENT

IMPACT "G" LOADS - FWD DOWN SIDE

WING DAMAG/FUEL SPILL

HOW AND WHERE SPILLED

WING BOX RUPT BY GEAR SEP OR ENGINE STRUT SEP ‘

QUANTITY SPILLED MAJOR MOD MINOR

SEPARATION AT W.S. - LEPT ' RIGHT

X-RUPT X-EXPLO. TANK RUPTURE NO. 1 __ NO. 2 ___ CW ___ NO. 3 NO.4 __

ENGINE SEPARATION NO. 1 NO. 2 No. 3 NO. ¢

ENG. STRUT. SEP. NO. 1 No. 2 NO. 3 NO. 4

LDG. GEAR SEP. OR COLLAPSE L MG _____ B MG ____ RMG _____ N.G.

WING FUEL PIRE - WHICH TANK(S) '

, ~ WBICH ENGINES OR STRUTS
., SEVERITY EXTREME ' MODERATE _ _ MINOR

SOURCE OF IGNITION' .
BOW LONG (TIME IN SECONDS) AFTER A/C MOVEMENT STOPPED UNTIL PIRE BECAME SEVERE

[ . . " ) B 155 .l




- ENGINE BURST DFBRIS DAMAGED FUSELAGE (LOCATIONS) .

' ENGINE/STRUT PIRE BURNED INTO FUSELAGE

156

FUSELAGE DAMAGE

CABIN FLOOR DAMAGE

FUSELAGE BREAK LOCATIONS (RODY STA. S)

———— | emmpsmmmn T e

TOTAL SEPARATION PARTIAL SEP.
COCKPIT DAMAGE EXTREME MODERATE MINOR
PASS. SEAT SEP. MOST SOME FEW : NONE
GALLEY SEPARATION (WHICH) |
OVERHEAD STORAGE COLLAPSE
'BODY INTERIOR PANEL COLLAPSE
WHAT DEBRIS HINDERED PASS EVAC.
FUSELAGE DOOR/HATCHES  WERE =~ JAMMED
~ BLOCKED
EXTERNAL FUEL FIRE ENTERED PASS. AREA (HOW OR WHERE)
LWR (BOTTOM) FUSELAGE TORN/RUPT. - EXTREME MOD. MINOR
PUSELAGE FIRE (NON-FUEL) - INITIAL LOC.
- IGNITION SOURCE

SIZE/EXTENT OF BURN AREA
VENTILATION PROBLEM - SMOKE/FUMES

COCKPIT - SEVERE MOD. MINOR NONE _

PASS CABIN - SEVERE _ MOD. © MINOR NONE

AFT FUSELAGE -| TAIL MOUNTED ENGINE A/C’

= PIRE DEVELOPED Xﬁ FUSELAGE

PIRE/SMOKE ENTERED PASS. COMPT. SEVERE . abo.
PIRE (OTHER THAN ENGINE RELATED)

MINOR




CREW & PASSENGER EVACUATION

TIME T0 EVAC SURVIVORS . (SECONDS)

NUMBER OF PASS. THAT EVACUATED THRU

SLIDES/CHUTES - NOT USED

ENTRANCE DOORS
' EMERG. HATCHES
BODY BREAKS

ONKNOWN
USED SUCCESSFULLY

.SOME MALFUNCTED (NO.)
SOME RIPPED OR BURNED (NO.)
SURVIVORS THROWN OUT THRU BODY BREAKS

EFFECTED EVAC.
EFFECTED EVAC.

TOTAL NO. FATALITIES AT SCENE PASS/CREW
- ) .
NUMBER FOUND IN SEATS PERCENT
"IN AISLE (ON FLOOR) MoST
OUTSIDE A/C rEW
UNKNOWN ' SOME, ETC.
CAUSE OF DEATH - TRAUMA - INSIDE A/C PASS/CREW NUMBER
_, OUTSIDE A/C PERCENT
~PIRE/SMOKE - INSIDE A/C MOST
OUTSIDE A/C rEw
" ~UNKNOWN v - SOME, ETC.
PANIC MAY HAVE DID OCCUR OR UNKNOWN
PATALITIES MAY HAVE DID ' RESULT FROM THIS
EMERG. LIGHTING USED NOT USED UNKNOWN
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AIRCRAFT TERMINATED IN WATER

TIME (MIN.) A/C REMAINED AFLOAT ALL OR PART
A/C 'RESTS ON BOTTOM (PARTIALLY OUT OF WATER)
SLIDES/RAFTS  USED NOT USED UNKNOWN __
LIFE VESTS AVAILABLE USED ' NOT USED UNKNOWN
. PUSELAGE REMAINED INTACT _____ BROKEN/SEP ____  RUPTURED UNKNOWN
FATALITIES DUE TO TRAUMA ' NUMBER
DROVWNING (INSIDE A/C) PERCENT
(OUTSIDE A/C) MOST
UNKNOWN SOME
FEW, ETC.
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JUDGEMENT ITEMS (SEVERITY INCLUDES BOTH A/C DAMAGE & FATALITIES)
GEAR SEPNTION/WWPSE CONTRIBUTED TO SEVERITY OF THIS ACCIDENT

DID
MAY HAVE
DID NOT

'

ENGINE/PYLON SEPARATION CONTRIBUTED TO THE SEVERITY OF THIS ACCIDENT

DID
MAY HAVE
DID NOT

PUEL TANK REPTURE CONTRIBUTED TV THE SEVERITY OF THIS ACCIDENT

DID
MAY HAVE
, DID NOT

FLOORS/DOORS/DEBRIS 'CONTRIBUTED '

DID
MAY HAVE
DID NOT
BELTS/SEATS

DID
MAY HAVE
DID NOT

I

FUSELAGE BREAK/SEPARATION CONTRIBUTED TO SEVERITY OF TﬁIS ACCIDENT
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APPENDIX D

Review/Appraisal of the U.S. Army’s,
- Aircraft Crash Survival Design Guide
: USARTL-TR-79-22A,B,C,D,E
for Other Applications

D.L. Parks
D.W. Twigg

ABSTRACT

The newest update to the U.S. Army’s Aircraft Crash Survival Design Guide for Army aircraft was
reviewed for ideas that might apply in other systems and therefore bear further research.
Philosophically, many features werc compatible with the philosophy and practices for commercial
systems. However, the Guide does not make allowances for widely varying differences in crash
characteristics and inherent energy absorption features from one system to another, e.g., from
small rigid body aircraft with minimal subfloor volume for energy absorption to large flexible body
aircraft with large subfloor volume for energy abeorption. Additionally, the orientation is for
survival under any circumstances that Army operations might encounter—a far more hazardous
set of circumstances than will occur for commercial vehicles. Accordingly, this appraisal does not
get into all criteria in the Guide but instead provides a review of those features that may bear
further consideration in research and development studies.
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1.0 INTRODUCTION

The purpose of the present study is to review and critique the new U.S. Army's Crash Survival Design
Guide (ref. D-1) for research ideas that might ultimately benefit commer.ial aircraft safety and thus
bear further research attention to resolve potential value in commercial aircraft applications. It is also
intended to distinguish those elements which may and which may not readily transfer from light and
small rigid body aircraft to large flexible body transports.

The authors of the new Guide accepted and are to be commended for responding to a major
challenge. Théy have attempted to refine earlier editions of the Guide and to indicate more room for
trade-offs than earlier issues implied. For example, the third edition of the Army Crash Survival
Design Guide more carefully constrains the guideline recommendations to the small rigid body
airplanes used by the U.S. Army than earlier editions, i.e., the light fixed wing aircraft and
helicopters. Additionally, the authors indicate many of the trade-offs and realistic constraints that
must be considered relative to the guidelines, introducing the possibility of waivers by the Army,
based on trade-offs of objectives versus realistic design constraints. The indicated trade-offs
illustrate potential problems in generalizing within vehicles, and by extension problems in attempts to
generalize guidelines developed for the Army to large flexible body commercial airplanes.

Since the 1967 and 1971 versions of the Guide, many a: eas of progress in development, in test and
evaluation, and in operatxonal experience have added to the fund of knowledge. However, guidelines
or criteria spelled ont in the earlier Guide were in fact sometimes unduly restrictive, sometimes
difficult-to-impossible to achieve, and conservativ- even for the Army objectives. In this latest
version of the Guide, these constraints are more apparent, more need for tradeoffs from the

“criterion” conditions are recognized, and distinctions between military and commercial
environments are more obvious. However, and perhaps partially due to the greater autonomy the
Army has as both purchaser and user, the new Guide does not yet really address minimum
requirements that must be met; the orientation remains one of setting goals as trade-off positions.

The new Guide is in five volumes. In this appendix, information is abstracted, collated and .
synthesized across the five volumes to integrate the information into one sir:gle abstract summary.
This summary is a synthesis and critique of the U.S. Army'’s Aircraft Crash Survival Design Guide
in that it is in the main constrained to research possibilities for other systems. Accordingly, it
includes informaticn that may be relevant for commercial aircraft research efforts, and includes
questions regarding the Army Guide position. Since there was significant overlap and some"
considerable redundancy between volumes, a major element in the present effort was to abstract
and correlate related information from all volumes. Information herein follows the same general
format. Volume titles and content.u are as follows: :

Volume I — Design Criteria and Checklists .
Pertinent criteria extracted from Volumes II t.hrough V. Provides for updating earlier related
military standards (ref D-1).

Volume II — Aircraft Crash Environment and Human Tolerance ‘
Crash environment, human tolerance to impact, military anthropometric 'data, occupant
environment, test dummies, accident information retrieval. '

Volume III - Aircraft Structural Crashworthiness _
Crash load estimation, structural response, fuselage and landing gear requirements, rotor
requirements, ancillary equipment, cargo restraints, structural modeling.
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Volume IV — Aircraft Seats, Restraints, Litters, and Padding ,
Operational and crash environment, energy abeorption, seat design, litter requirements,
restraint system design, occupant/restraint system/seat modeling, delethalization of cockpit

and cabin interiors.

Volume V — Aircraft Postcrash Survival
Postcrash fire, ditching, emergency escape, crash locator beccons, retrieval of accident

" information.
" General types of subjects covered include:

1. Crashwdrthihees of Aircraft Structure—The ability of the aircraft structure to maintain
living space for occupants throughout a crash.

2. Tnedown Strength—The strength of the linkage preventing occupant, cargo, or equxpment
from becoming missiles during a crash sequence.

3. Occupant Acceleration Environment—The intensity and duration of accelerations
experienced by occupants (with tiedown assumed intact) during.a crash.

4. Occupant Environment Hazards—Barriers, projections, and loose eqmpment in the
immediate vicinity of the occupant that may cause ccntact injuries,

5. . Postcrash Hazards—The threat to occupant survival posed by fire, drowning, exposure, etc.,
following the impact sequence.

To date three eaitions of the Guide have been released, the first in 1967, an updnte in1971,and a
total revision in 1979.

BACKGROUND DISCUSSION

As summarized in the new Aircraft Crash Survival Design Guide, the U.S. Army Transportation

Research Command (now .the Applied Technology Laboratory, Research and Technology
Laboratories of the U.S. Army Aviation Research and Development Command (AVRADCOM)
initiated a long-range program in the early 1960s, with the objective to study all aspects of aircraft
safety and survivability. From this program, it was intended to determine improvements in crash
survival that could be made if consideration were given in the initial aircraft design to general
survivability factors; figure D-1.1 expands on upecu of 'Cnahworthmees as defined by the
newest version of the Guide.

In order to determine wluch criteria and guidelines inxght be appropnate for commercial aircraft
for present purposes, it was necessary to determine the purpose of individual guidelines and
criteria. The reason is that criteria and guidelines are not usually directly transferable. For

example, design criteria levels in the Guide are not based on theory; rather they are obtained by

estimating the crash loads which occurred in past crashes of light, rigid body Army aircraft. In
turn, a number of related assumptions were involved. Large, flexible body commercial aircraft

with a large cargo hold in the lower fuselage are clearly different in design features that will affect '

crash loads and probable dynamic responses in direct contrast to those expected for the smaller
and lighter rigid body Army aircraft. Accordingly, the conditions upon whxch cmena are based
must dxffer
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The new Aircraft Army Crash Survival Design Guide gives three distinctly different descriptions of the
purpose of crashworthy designs, but all with the same criterion levels: (1) to eliminate ur.necessary
injuries and fatalities in relatively mild impacts (COMMENT: “unnecessary” is not defined), (2) to
contain occupant deceleration levels withiin human tolerance in severe crash environments, or (3)
(by numerous implications) to survive any crash “combat ready”. All three criteria in the Guide refer
to the same deceleration levels. In contrest, Federal Air Regulation Part 25 (FAR 25) states that
design for commercial aircraft is “to give each occupant every reasonable chance of escaping
serious injury in a minor crash landing” when using restraints and other safety provisions, with
landing gear up, and with lower deceleration loads and uses a correspondingly lower criterion level.

On the surface, the first two goals of crashworthy design stated in the Guide (to eliminate
unnecessary injuries and fatalities in a minor crash and to assure survival in a severe crash—still a
somewhat speculative outcome) may seem consistant. In actuality, the two goals are frequently in
opposition. A design feature designed to operate at low crash loads to prevent injury is often
inefficient at high crash loads, and presence of the feature may in fact degrede the overall

- performance at the high loads. This is an extension of the comfort versus safety problem—a

system designed to be comfortable at low crash loads may very likely be less “safe” at high crash
loads. An example is the 5 mph barrier crash requirement in the automotive industry. Bumper

" systems designed to provide 100% protection (to the car) at 5 mph may provide less protection at

higher speeds than might otherwise be the case. Unfortunately, the Guide appears to treat these
criteria as though they were interchangeable.

“Survivable” commercial aircraft accidents are generally near airports where external assistance
for evacuation and quick medical attention are available. Thus, even the injured have a reasonable
chance for survival. This is in stark contrast with military crashes, which may occur in a combat
zone without prospect of external aid so that the need for self sufficiency is more pronounced.

- Goals to totally avoid injury are vastly different from goals to reduce injury potential or otherwise

improve safety in even the feasibility of implementing practical improvementa.

As its own regulator and consumer, the Army can set and adjust goals and thus need not
distinguish between crashworthiness goals, gmdehneo. and criteria. As pointed out in Volume II,
the Army may itself opt to retain, nd]ust. or waive any of same when compliance is demonstrated
to invoive an unacceptable compromise in system objectives, performance, or coets., These

. distinctions are, accordingly, not rigidly observed in the new Guide. Neither the lack of diatinction

in goals, guidelines and criteria nor waivers are practical in the civilian environment. Rules are

laws that must be met without exception and cannot be traded off when a given requireiaent is -

duvmonstrated to be impractical, or shown to effect a senoua compromise some other aspect of
sys\em operat.lon i .

It should be emphamzed that the Army’s design gmde was written expressly for the Army's hght
aircraft (helicopter and single engine propeller), which must include, by definition, operations
involving a variety of “normal”, training, remote austere, and combat sity stions. The aircraft

considered for the updated version of the guide were constrained to a vehicle mission gmes wexght _

of 12, 500 pounds or less.
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2.0 DEFINITIONS OF TERMS

The Guide defines specialiied terms related to crashworthiness at the beginning of each volume.

Several of these definitions are paraphrased herein for the convenience of the reader.
GENERAL TERMS

Abrupt Decelerations — Describes the short duration shock accelerations primarily associated
with crash impacts, ejection seat shocks, capsule impacts, etc. One second is generally accepted as
the dividing point between abrupt and prolonged accelerations. Within the extremely short
duration range of abrupt accelerations (0.2 sec and below), the effects on the human body are
limited to mechanical overloading (skeleta! and soft tissue stresses), there being insufficient time
for functional disturbances due to fluid shifts.

COMMENT: Within the Guide, high loads used to define criteria are less than one second duration
and most typically less than .050 sec. The authors state that this region is where effects on the
human body are limited to mechanical overload of structure and tissue since time is too short for fluid
shifts. In large commercial aircraft, pulses are generally accepted as ranging up to 0.2 to
0.25 seconds.

Human Tolerance — A selected array of parameters that deacribe a condition of human body
decelerative loading, i.e , a crash pulse for which it is believed there is a reasonable probability of

survival wthout major injury (this is also termed “whole-body tolerance”). “As used in this volume
(III), designing for the limits of human tolerance refers to providing design features that will
maintain these conditions at or below their tolerable levels to enable the occupant to survive the
given crash environment.”

Human tolerance to the crash environment is a function of many vsriables, including unique
characteristics of each person as well as the i lmpmgmg loads. Loads are transmitted from the seat,
the restraint system and the surrounding environment. Tolerability depends on load direction,
body orientation, and the critical nature of the load relativ- to a body member. For example,
conditions whereir the belt rides up off the iliac ‘crests of the pelvis may contribute excessive
abdominal loads, or skull fracture may result from head contact, or the type of loads applied to the
spine may create injury.

COMMENT: Definition implies that itiapouiblenndpnctianodesigntohnmn tolerance limits
and assure survival without exception; in actuality, other text clearly indicates this to be

cousidered a goal which is not necessarily achievable. Reoulhng xmphcauonl are mmleadmg to the .

newcomer to the field.

The Term “G” — Refers to the ratio of acceleration encountered to that from gravitational attraction

on a given body at sea level, (i.e., relative to 32.2 ftlseez). In use herein, “G” increments are
referenced in multiples of same, 80 5 G is 5 times the normal forces on the body.

Survivable Accident — An accident in whxcix the forces to the occupant(s) are within tolerance

limits and the surrounding structure remains substantially intact to pmnde a livable volume '

throughout the crash sequence.

COMMENT: Definition of survivability varies between volumes of the Guide. One is to ehmmate
unnecessary injuries and fatalities in relatively mild impacts” (Volume I). Another is to “minimize
occupsent accelerations to survivable levels in a severe crash environment” (Volume II).

.......
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Survival Envelope — The range of impact conditions wherein the occupxable area of the aircraft
remains substantially intact, (i.e., wherein forces transmitted to occupants do not exceed the limits
of human tolerance wh=n state-of-the-art restraint systems are used). As a precaution, accident
investigation will not necessarily show that survivable conditions may not have existed in an
sccident that may appear from postcrash inspection to have been survivable; elastic recovery from
crash induced deformation can mask actual crash conditions.

Submarining — The rotation of the hipe under and through the lap-belt as the belt slips up and off
the iliac crests of the pelvis caused by forward inertial loads on the legs. “Lap-belt slippage” can be
a direct result of the upward loading of the shoulder harness straps at the center of the lap-beit.
(figure D-2.1, from ref. D-2).

Dynamic Overshoot — The amplification of deeeleratxve force on cargo or personnel above the

impact deceleration force resulting from dynamic response of the system. For example. a loose
system can dramatlcally increase peak loads. _

SEATING GEOMETRY

See figure D-2.2, from MIL-STD-1333, MII.-STD-850, and U.S. Army’s Axrcraft Crash Survival

Design Guide (ref. -3, D-4 and D-1).

Design Eye Position — A reference datum point based on the eye location that permits the specxﬁed

vision envelope required by MIL-STD-859, allows for slouch, and is the datum point from which the -

aircraft station geometry is constructed. The design eye position is a fixed point in the crew station,
and remains constant for pilots of all statures via appropriate seat adjustment.

Horizontal Vision Line — A reference line passing through the design eye position parallel to the
true horizontal and normal cruise position.

Back Tangent Line — A straight line in the midplane of the seat pealing tangent to the curvatures

of a seat occupant’s back when leamng back and naturally compressing the back cushion. The seat

back tangent line is pouuoned 13 in. behind the dengn eye position as measured along a
perpendicular to the seat back tangent line.

Buttock Reference Line — A line in the midplane of the seat penllel to the horizontal vision line
and tangent to the lowermost natural pmtrusxon ofa eelected size of occupant sitting on the seet
cunlnon . _

" Seat Reference Point (SRP) The intersection of the back tangent line and the buttock reference c

line. The seat geometry and location are based on the SRP. -

Buttock Reference Point — A point 5.75 in. forward of the seat reference point on the buttock
reference line. This point defines the approximate bottom .of an ischial tuberosity, thus
representing the lowest point on the pelvic etmcture and the point that will support the most load
during downward vertical loading. : v ‘

'Heel Rest Lino — The reference line parallel to the honwntel vision line passing under the tangent
to the lowest point on the heel in the normal operational position, not necessarily coincidental with

* the floor line.
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Design eye position
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vision line % o
i )
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minimum
0 back angle
c .
<
4
'y Qo
e 31.5 in
Thigh tangent o . ¢
line / 2
, J 3 Back tangent
- \/ > line
, )
, .
. , ! _
} 90 0" Buttock
b A reference
// ' ~ ‘[ line '  J
/ /10* minimum N S 7:e?t_reference point
// ' 20° maximum “ . in.
i - for heli- Horizontal
T /’ copters, Buttock reference point.\ planes

- : ! 5° minimum
' L~;/ for others Heel rest line

'(Not necessarily the floor)

Figure D-2.2 - Seating Geometry (From Army CSDG)
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STRUCTURAL TERMS

Airframe Structural Crashworthiness — The ability of an airframe structure to maihtai.n a
protective shell around occupants during a crash and to minimize magnitudes of accelerations
applied to the occupiable portion of the aircraft during crash impacts.

Structural Integi-ity The ability of a structure to sustain crash loads without collapse, failure, or
deformation ({ sufficient magnitude to cause injury to personnel or prevent the structure from
performing as intended.

Static Strength — The maximum static ioad that can be sustained by a structure, often expressed -
as a load factor in terms of G. '

Strain — The ratio of change in length to the original length of a loaded component

Collapse — Plastic deformatxon of structure to the point of loss of useful load carrymg abxhty ,
Although normally considered detrimental, in certain cases collapse can progress in 2 controlled.-
fashion, maintaining structural integrity.

Limit Load — In a structure, limit load re s to the load the structure will carry before yielding.
Similarly, in an erergy-absorbing devxce it represents the load at which the device deforms in
performing its function. :

Load Limiter, Load-Limiting Device, or Energy Absorber — These are interchangeable names of
devices used to limit the load in a structure to a presclected value. These devices absorb energy by
providing a resistive force applied over a de:c>maﬁon distance without significant elastic rebound.

Bottc ning — The exhaustion of available stroking distance accompanied by an increase in force,
e.g., a seat stroking in the vertical direction exhausts the available distance and impacts the floor.




3.0 AIRCRAFT CRASH INFORMATION

Authors of the present edition of the U.S. Army's Aircraft Crush Survival Design Guide recognize and
accept that trade-offs must be accomplished relative to earlier stated criteria. New generation Army
nircraft are being procurred with stringent crashworthiness requirements, based on “95th percentile
survivable accidents” as defined in an earlier study (ref. 1)-5}. The new Guide emphasizes that
component changes recommended by earlier editions, or those that might he implemented in
attempts to resolve more specific problems, may not meaningfully improve crashworthinéss in some
fixed system designs. Accordingly, the authors point out that retrofit improvementa are lirnited and
may result in prohibitive weight and cost penalties if requirements are too severe or too rigidly
applied, although some retrofit packages are feasmle Individual technologncal appraisals become
necessary.

Army aircraft for which this present Army study was intended :nclude rotary wing and fixed wing
aircraft under 12,500 pounds, the small rigid body aircraft used in the Army mission. These aircraft
are relatively unyielding during crash impact unless specific design provisions are incorporated.

Anything exceeding the equivalent of a free fall of 100 ft in any of these aircraft is considered to be
nonsurvivable. Resulting aircraft-related criteria are based on design factors that might be applied to
such aircraft in order to reduce the degree to which human tolerance cnuma mlght be approached

and thus improve survivability. .

Human tolerance in the crash environment is the basic criterion for crashworthiness, and is related
to acceleration magnitude, duration and rate of change. Crasii envir.nment data discussed in the

Guide and herein relates information on factors that can be used to enhance this environment. Other -

factors influencing survival are:

1. Structural collapse, from impact or supporting large mass during impact
© 2. Structural elastic deformation

3.  Structural penetrati'on

4. Structural strength protecting egress operation

5. Structural strength of landing gear and seat restraint support system

- COMMENT: Three different survivalﬁlity goals are tndicated orinferred in the new Guide. One s to

eliminate “unnecessary” injuries and fatalit.es in relatively “mild” impacts. A second is to design “for

- the limits of human tolerance”...to maintain conditions at or below their tolerable levels to enable the
occupant to survive the given crash envnronment A third is implied, to survive e any crash and be
combat ready.”

BACKGROUND DISCUSSION

The Army approach to improving survivability has been in two stages, first by xmprovmg the
“crashworthiness” of existing aircraft as practicable, then by influencing design of new aircraft
through assuring consideration of improved capabilities. Army objectives for their “crashworthy”
aircraft relate to minimizing injuries and fatalities and controlling structural damage so that “a
sw vivable environment is more likely to be maintained.” Army criteria were related to combat goals,
in order to pmduoe a positive. morale factor and improve combat effectiveness. The army
accordingly gives great emphasis and apparently considerable funding to maximize protection
afforded to occupanta by each aubayatzm without really addressing what mxmmum requirements
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might be. In providing maximum protection as the authors of the updated Army Guide see it, a vertical
crash impact is a series of energy absorbing strokes that occw as different ductile components
yield. They use landing gear stroking to abeorb a significant amount of erergy; the fuselage
contributes to absorption and provides a protective shell for occupants; the floor, seat, and restraint
systems contain occupants within the shell and provide additional energy absorption to reduce
occupant decelerative loading. Additionally, weapon sights, cychc controls, glareshields, instrument

_panels, armor, and structure are to be delethalized.

COMMENT: The authors of the new Army Guide do not follow the more common engineering
practice of allowing a cumulative system credit based on a summation of capabilities for commponents
to some minimum requirement goal for energy absorption. Instead, they emphasize maximum
protection possible from each subsystem, taking the position that it is not possible to simply specify
human tolerance and vehicle crash conditions. For example, they take the position that designers
must also consider probable crash conditions wherein all subsystems cannot perform their desired
functions; e.g., no landing gear absorption of impact energy, since helicopters may not contact the
ground via the landing gear. Criterion levels that are actually oriented to maximum possible ,
performance are thus also recommended in the Guide for each individual subsystem, e.g., in energy
absorption requirements for seat and restraint systems.

This amounts to extremely conservative engineering practice, since cumulative capabilities are
accepted standard practice and since most design criteria are based on specifying minimum, not
maximum, requirements. Opinions, practicality, and even estimates of feasibility will vary, creating a
difficult-to-impossible situation. Secondly, design goals are not usually specified or accepted as a
design practice. Additionally, the practice of generalizing from the worst case for one system to
other aircraft that seldom, if ever, encounter that case is hard to justify (e.g., generalizing vertical
loading criteria from upside down landing of a helicopter, or using helicopter based impact loads that
are due to rotor thrashmg. to set criteria for fixed wing aircraft mth their vastly different impact
cu'cumstances)

AIRCRAFT CRASH ENVIRONMENT

Statistical studies were conducted to determine impact conditions for rotary wing and light fixed wing
aircraft of mission gross weight no greater than 12,500 pounds during the period 1960 through
1965, and 1971 through 1976 (Volume III) (also ref. 6). Cases selected had at least one survivor
and one or more of the following factors: (1) substantial structural damage, (2) postcrash fire| (3) -
personnel injuries. Numerous severe accidents were excluded from consideration, such as midair
collisions or free fall drops of 100 ft or more because, “Such accidents almost invariably result in
random, unpredictable crash kinematics and nonsurvivable impsct forces, and are of little value in
establishing realistic crash survival envelopes that would be useful to the
aircraft designer.”

COMMENT: In view of typical inip‘aét speeds conipnred to helicopteu and light aircmff; most large
commercial aircraft accidents may fall in this high load category.

Iizipact conditions were found to be similar from rotary wi.g to light fixed wing STOL aii'craft. nd,

. except for lateral conditions, were treated as being the same. Impact velocities were “known”|for

what appears to be a somewhat arbitrarily selected sample of 40 sircraft out of 600 + accidents that
were reviewed (with errors in estimated impact velocity “probably” not exceeding +20%), but cquld
not be established for other aircraft crashes. One half the vehicles that could be appraised were
estimated to experience a vertical velocity change of 24 ft/sec or less (equivalent to free fall of 8 ft, -
11 in.), and 95% were estimated to experience a vertical velocity change of 42 ft/sec or |ess
(equivalent to free fall of 27 ft 5 in.). Longitudinal velocity changes were approximately 28 ft/sec! for
the 50th percentile and 50 ft/sec for the 95th percentile crash.
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Impact accelerations were estimated by the original accident investigation board and recalcuiated by
the survey team. Additional analysis was performed for cases that “appeared to be near the upper
limits of survivability.” The 40 aircraft used were selected from an overall review that covered 563
rotary wing and 92 fixed wing aircraft, of which 373 were used to establish impact conditions.
Impact attitudes were also used from the added collection of crash data for 108 attack helicopters
and 10 cargo helicopters for the period 1971 to 1976. The statistically most frequent impact
involved trees. It was found that looee soil could be beneficial, or alternatively could actually i increase

decelerations (e.g., if the structure dug into the ground)

_ Since ' insufficient lateral data were available, lateral velocity changes were inferred from
* circurstances of the helicopter and light aircraft accidents to be 25 ft/sec, supplemented by recent
studies suggesting 30 ft/sec. Based on the above the three-dimensional resultant for velocity
changes did not appear to exceed 50 ft/sec, although vecvor summing is specifically identified as

inappropriate.
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Floor decelerations were estimated from the followmg equation; however, this may well overeetnnate
Ggye if the peak in fact occurs early in the pulse (see appendix D-A, fig. 1).
2
Gave =2X—
: g8
Overall, the authors concluded that 95% of the “survivable” helicopter and light fix.éd wing aircraft
: accidents involved average vertical accelerations of less than 24 G (with “peak” accelerations of 48
- G, assuming triangular pulse shape). Average longitudinal accelerations were 15 G and average
. lateral accelerations were 16 G (most particularly during auto rotation into trees, fuselage rotation,
then landing on the side). Actually, most accidents occurred with small yaw and roll angles.

‘Accidents involving postcrash fire were considered where possible, but burn damage in many
accidents precluded analysis of impact forces. Still others provided insufficient or inadequate dat.a

for detailed case analysis.
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Earlier impact criteria used by Army were based on an early decision to increase crash survivability
that appears tc have been somewhat arbitrary (Army Crash Survival Design Guide, first and second
editior) to a level based on a study in the 1960.to 1965 time period (Haley, ref. D-6) which defined

a survivable crash as any crash with at least one survivor, and setting objectives for Army aircraftto
the 95th percentile loads for such conditions. The authors of the new Guide emphasnze that, now
that serious attempts to meet the criteria have been incorporated to some extent in a number of Army
au'craft it would be a mistake to continue using a ﬂoaung baseline (i.e., the 95th percentile crash)
since it could only lead to a never-ending increase in crashworthiness at the expense of aircraft
performance. Accordingly, the 96th percentile criteria is dropped in the new Guide and the design
‘pulse derived in the earlier effort continues to be recommvunded for Army use (figure D-3.1).

Wy
- R

COMMENT: The rationale for aelecting only 40 aircraft for the sample analysis not totally clear.
There is a reasonable likelihood that many of the cases that were, accordingly, not included in the
study could very well have been more mild but were rot survived for some other reason than
deceleration, such as fire. Additionally, much is based on the very conservative case of a 95th
percentile accident, however, data reported within the Guide suggest a factor of 2+ in magnitude
between the 90th and the 95th percentile accident, which varies cnnsiderably from the normal
magnitude of the true statistical difference between 90th and 96 percentile (a 20% change rather than
 200% change). There is no clear justification for the 90th or 95th percentile survivability goal to be
adopted, other than as an arbitrary goal for which the degree of feasibility remains to be determined.
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The 95th percentile objective waa apparently adopted as such an arbitrary objective for the Army,
which has the option to set goals and determine feasibility in a specific design context, and then also
has the .uthority to waive those elements that are ot considered feasible and practical within the
context of Army needs. '

Continued Comment: Now, after several years experience, the geiieral approach and commentary
presented by present authors suggest that the “criteria” are really guidelines and goals from which
practical trade-offs must be made. Additionally, the exclusion of certain types of severe accidents
causes no problems for the analysis of light aircraft crashes for Army purposes and given their
freedom to waive guidelines. A light aircraft accident of sufficient severity to have “random,
unprectible crash kinematics” would rarely have a survivor. This is not true in the commercial
environmer.t. Because of the size and inherent energy abeorption from body flexing of a large
commercial aircraft, crash forces to which the occupants are exposed can vary-conaiderably through
the aircraft. It is not uncommon for there to be a few survivors even in a severe accident at flight

speeds and with “unpredictable crash kinematics.” Thus tne methodology for establishing crash load
criteria developed in the Guide should not be apphed to commercial aircraft.

AIRFRAME STRUCTURAL CRASHWGRTHINESS

In the updated Guide, discussion starts with the basic requireménts for survival, i.e., a protective
structural envelope and the attenuation of impact forces. Basic design goals/requirements are also
stated, recognizing that improvements may be feasible but using qualitative terms in recognition that
achievements will be limited. '

AIRFRAME CRASHWORTHINESS

General Design Considerations—The U.S. Army’s Ai‘rcrnt't Crash Survival Design Guidel appearsto
be specifically intended to define cnteria for vehicles designed to support the Army capability “to
conduct prompt and sustained combat incident to operations on land.” All the combat ground-
support functions described involve the potential of expoeure to enemy fire while at some
nominal altitude, i.e.

1. Command, control lfld communications

2. Intelligence

3. Mobility

4.  Fire power

5. Combat service support

The Army inventory includes béth helicopter and fixed-wing aircraft. The maximum capacity of
any listed aircraft is a crew of 2, with 20 passengers. The helicopter mventory used- for such
purposes includes (figure D-3.2): -

1. Observation (OH)

2. Attack (AH)

el

 Utility (UH)

>

Cargo (CH)
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Helicopter

L

5. Training (TH) (with ita own special cases)

Fixed-wing aircraft include (figure 3.3)

1. U-0
2. | U-3
3. U21
4. U8
5. C12
6. UV.18
7. OVl

However, the authors suggest that information presented in the airframe structural crashworthiness
volume (Volume III) applies to any light aircraft.

They qualify this in the same paragraph, in a statement that the impact environment is similar for
all types of existing light fixed-wing and rotary-wing aircraft except for lateral impact. Lateral
impact levels for cargo and attack helicopters are said to compare to light fixed wing aircraft, and
other helicopters experience a more severe lateral impact environment.

The authors go on to 'lt,lte that experience and reason indicate that there will continue to be
accidents that tnreaten occupant survival. However, their position is “acceptable aircraft

structures shouid altways provide the greatest possible degree of occupant protection from crash -

conditions. All available information should be considered ... to ensure that new designs will

" be'scceptably’ crashworthy.” They consider desirable conditions to include multiple load paths to

keep the structure intact in spite of localized damsge. However, they recognize that excessively

. strong structure does not necesserily meet this objective; in the nonyielding modcs, it will

contribute high scceleration and involve both weight pemhiu and energy absorption constraints.

The 95th percentile design load limits beased on severe crash accelerations in this guide set several

new criteria compared to the earlier version; they also tend to shift the emphasis from peak
accelerstions to aversge accelerations. ‘Their requi
requirements for a minor crash are shown in fi

Impact‘condit.ion,‘n may include:

1.  Vertical impact.fnom power failure during low power maneuver at low altitude
2. Ioverted impact (and other impact attitudes) following rotor contact with wires, trees, etc.
Light fixed-wing | ‘

1. Vertical impact with stall aear ground
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Impact

Acceleration

Puise

direction Velocity duration,
(aircraft change, Av Peak Average At
axes) (tVsec) (G) (G) (sec) Comments
Longitudinal 50 0.104 Triangular
(Cockpit) decseleration
puise:
A Gpeak
| . ~al= T
Longitudinal 50 0.130
(Cabin)
Vertical 42 0.054
Lateral 252 - 0.097 At calculated
3o® 0.104 . from known or

assumed values
for Gpeak and av:

2(Av)
Al = e
g Gp..k

&) Light fixed-wing aircraft, attack and cargo hohcoptm

b) Other helicopters.

Figure D-3.4 - Summary of Crash Impact Condmons for Hohcoptors and Ugm Fixed- ng ,
Aircraft Design’ .

1M




v e P e e i ey e e s e e M S T S e e A P Te NS dm S me e e v em A - A e A S mm S S M mw D SR M R A e T S e O S et S e e i e e e e e
2 e 2R 2t R R R P R A It e 2 2 2 2 R 2 R T R A L

Compared to the figure 3.4 data, commercial aircraft size certified according
to FAR PART 25.561, Emergency Landing Conditions, Para (b)'which requires that

“...the structure be designed to give each occupant every reasonable
chance of escaping serious injury in a minor crash landing when

(1) proper use is made of seats, belts and all other safety
design provisions; ' '

(2) the wheels are retracted (where applicable);
and |

(3) the occupant experiences the following ultimate inertia
forces acting separately relative to the surrounding. structure:

(1) upward 2.09
(i1) forward 9.0g
(iii) sideward 1.5g .
(iv) downward 4.5g or any lesser force that will not
be exceeded when the airplane absorbs the landing
| loads resulting from impact with an ultimate descent
velocity of five f.p.s. at design landing weight."”

E T ceveenceesceweccecvescsases L TR P cPoccseesas LR Y Y L LT ceoveacearscasa CXY )

Vertical loading to 6.Cg for a type I (transport) seat was later
', imposed to accommodate gust loads (Technical Standard Order T50 37.156,
Aircraft Seats and Berths, TSO C39a; and National Aircraft Standard' : ot
(NAS) 809, Specification-Aircraft Seats and Berths, January 1, 1959).
- 39 cargo nets are used, which are also cited in the Guide as used
by the U.S. Air Force in the USAF 463C pallet system with statistically .
rare likelihood of causing injury.” '
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Figure D-3.5 - FAR Part 25 Criteria
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2. Longitudinal impact with obstacles, (e.g., mountains, ground obstaclee) or nose down diving
attitude

S.  Cartwheeling

Secondary impacts such as hitting a ridge after the initial crash are “generally less severe for

occupants.” Hazards from detached components (e.g., engines), penetration (e.g., by tre s), and
fire and water become more severe.

STRUCTURAL DAMAGE

In the Guide's discussions of helicopter and light fixed-wing aircraft crashes, it is stated. ...“Th.
structural damage that produces occupant injury is generally the same for both types of aircraft.

Structural damage in severe accidents cannot be avoided. However, improvements in airframe . |

structure and optirnization of element distribution can work to control the manner in which structural
damage occurs so that a survivable environment is more likely to be maintaiqed." ‘

The structural scenario is cne of localized deformation at contact until kinetic energy is absorted-
over a relatively long stopping distanc or until enough structure is involved to produce a significantly
shorter and higher deceleration force. Likelihood of damage increases vsith build up of large
decelerative forces, which may in turn cause aircraft buckling and compression of the protective
cabin shell. Cabin deformation ma;y be raduced by permitting parts to break free on impact; however,
this may produce no significant reduction in impact loads. ,

Variations on this Army scenario of crush loads, direction and build-up include: (1) Longitudinal:
deformation of forward areas in such a way as to form a scoop which picks up earth. Alternatively,
the nose might roll under the sircraft. In more direct, head-on crashes into the ground, the nose
generslly deforms to destroy the occupied section. (2) Vertical: from high sink rate or roll-over which
crushes occupiable volume, or transmits high vertical loads to the occupants. (Lateral roll-over
occurs with helicopters). /3) Lateral impacts: from rotor actions or roll-over that relates to the high
center of gravity with helicopters and from spin-in with light fixed wing aircraft. (4) Lateral or
longitudinal: transverse bending losds may deform or rupture the shell; (5) Any of the crash
scenarios may create floor buckling which may degrade integrity and strength of floor structure, or
landing gear may penetntc the fuselage; and rupture of fuel or ignitable fuel containers is a fiequent
cause of fire.

DESIGN REQUIREMENTS — (GUIDELINES) GENERAL

According to Guide authors, amcnft systems should be dengned to prevent occupant fatalities nnd

minimize the rumber and severity of occupant .njuries to severities as were deﬁned in figure D-3.4 to

the mmmum extent pncm:d. Areas cxtad for attention include:

1.  Deformation of airframe protective shellin 2 controlled, predictable manner to minimize fofceo
- on occupants and maintain the protective shell, minimizing earth scooping, buckhng. and failure

loading of floor structure .
2. ' Tiedown strength
3. | Occupent ﬁwekqnﬁon environment

4. Occupant environment hazards
5. Poatcrash hazards




Stated (hehcopter) xmpact criterion conditions are to ram a wall at 15 ft/sec longitudinally (similar
to low speed automotive bumper test) with the aircrew to both survive and evacuste the cockpit,
and with the airframe capable of longitudinal (front end contact) of 40 ft/sec without reducing the
cabin compartment by more than 15%.

Guidelines include recommendations for sufficient strength to prevent bending or buckling failure, . .
fuselage to buckle outward rether than inward, personnel to be positioned away from likely fuselage
fracture/failures points, sufficiently strong structure provided around surrounding exits to assure
postcrash ope—abmty, and cargo tiedowns included that will restrain cargo should fuselage bending
failure occur. Other considerations are to avoid reducing the width oi the occupied areas by more
than 15%, or permitting either lateral collapee or struct.rsl intrusion of occupiable portions that would
be hazardous to human life (including entrapment). Wings and empennage should fail outside the
occupant protection area. Engine and (helicopter) transmissicn mounts should stay attached and
avoid hazardous displacements. Helicopter rotor hlades should not dicplace in a manner hazardous
to occupants during rollover in roll or pitch (on sud), or from the force generated by strikes by the
outer 10% of rotor spaa on an 8-in. diameter rigid cylinder. Failure of the ianding gear should not result
in failure of seata, restraint svstems, or tiedowns. Load limiter atten: .. ion is suggested, to contain
loads to less than those produced by 20 ft/sec vertical imp&ct wale Ty

COMM"NT These goals offer no particular problem as g.ndehnes. However, it is very likely nearly
unpossxble to assure that such ob)ectxvee can be met in advance or have been met after the fact.

ANCILLARY . EQUIPMENT RETENTION ’ .

Retention of ancillary equipment at criterion loads is “required.” Load limiting devices should
minimize the likelihood cf equipment to enter an occupant strike envelope. Stowage should provide
easy view of the area and easy, reliable accessibility in a way that cargo shifting or fuselage distortion
will not prevent access. Single motion, five-second removal should be provided. Stowage space for
norrestrained items that are not regularly carried aboard an aircraft should be provided in all aircraft.
This space should be located so that the items stored in it cannot become hazardous to personnel in
a survivable crash.

Ancillary equipment includes:

1. Emergency equipment
Oxygen bottles
Fire extinguishers
First aid kits
Portable searchhght.o
Cruah axes

2.  Survival equipment . :
Survival kits - : . e
Life jackets : ' o
Locator beacons .
Special clothing
Food and water

3.  Subcomponents
Panel-type consoles containing control circuitry
Radio snd electronic equipment
Auxiliary power units
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Batteries
Special equipment

4.  Miscellaneous equipment
Navigation kits
Briefcases
Log books
Flashlights
Luggage
Toolboxes

INTERFACE OF RETENTION SYSTEMS WITH AIRFRAME, AND CARGO RETENTION

Occupant retention should ensure that occupants are retained in precrash poeitions during cited
crash loads. Additionally, occupant/cargo retention systems that interface with airframe and cargo
restraint should utilize tie points that are integral to the frame. Loads should be evenly distributed and
tie downs should handle loads at the worst case angle without yielding. Load limiters should be used
when struciure of fuselage and floor is not strong enough to handle cargo crash loads. However,
nets used to restrain small cargo should feature low elongation characteristics in order to reduce
travel to a minimum. Army Guide ca»go load criteria are 16 G peak (8 G, ) With a longitudinal
velocity change of 43 ft/sec in contrast to the USAF successful experience with 3 g systems —
USAF 463c¢ pallet systems. When cargo is stowed behind the paseengers... “lower criteria (90th
percentile pulse) are acceptable gince a net designed for a given load weuld be loaded to a lower
value in most accidents,”; by the same reasoning lateral restraint with a load limiter is called out as
10 G (peak, triangular; 5 G,ye) and 21 ft/aec from a 90th percentile crash.

More specific factors in retention include:
1. Crew and passenger lccations relative to cargo
2. 'Npe of aircraft

3. Likely crash modes versus tiedown back | up structure (simplest, most effecuve tiedown nhould
be used) _ .

4. | ‘Type of cargo reot.nmt criteria, au'craft response to cruh Iocd an. cleannce envelopes ‘
5 Alrcnft and cargo uedown provisions '

6. Cargo/personnel clearance envélope-‘
1. 'Upe of restraint dmceo lvmhblc (and potential for detenontxon)

Cuzo restraint load limiters are recommended by the authors of thc Army Cuide, to maintain load
level and control physical motion of shifting cargo to space not occupied by personnel. A buffer
spacing is recommended for personnel aft of the cargo, to allow for restraint syster: elasticity (for
cargo restraint with a 5 G rebound load). Additionally, combining restraint devices of differing
elasticity and yield points of cable, rcpe, strap, or chain should be considered since premature failure
of stiffer devices may set off a chain reaction. Guide authors indicate practical limits of displacement
arv a significant factor in related trade-offs, but tiedown design loads msy also be important.

- Although the goal does not appear to be specifically related to personnel safety, the Army Guide
authors recommend design of the cargo floor for 16 G down-loading (peak or average not stated).
Additionally, protection against forward and lateral displacement requirements, as well as down and
up are not defined since they are not considered to be as potentully hnnrdmm
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COMMENT: The resulting Army recommendations for load limit factors are included in figure D-3.6
which appears to represent some kind of a two-way limit on dynamic ard static loading. These
curves are used by the U.S. Army, but have not been justified as a new basis for setting criteria.
Compared tec USAF and FAA commercial 3 G petting restraint criteria discased enrlier, these criteria
are quite conservative. Additionally, the dramatic change in load level criteria as the “survivable”
crash changes from the 95th percentile to the 90th percentile is puzzling. Results indicate that this
may not be true statistical sample. To say the least, it is unusua! for a change amounting to a factor of
2 to occur in this percentile spread regardiess of the parameter (or, in other words, accounting for
50% of the total range).

AIRFRAME PRINCIPLES AND CONCEPTS

Authors of the Guide take the posxtxon that certain criteria are applicable whether results are
approximate or precise:

1,. Structure surrounding occupiable area must remain reasorably iutact, without significantly
reducing space. Otherwise other “efforts to wprove survivability ... are futile.”

2.  Ideally, “structure should minimize occupant accelerations to survnvable levels in a severe
crash environment while maintaining the required survivable volume, retain'ng large rmass items,
interior equipment, seats and cargo,” and considering effects from roll over, cabin penetration,
etc.

By U.S. Army philosophy, aircraft structure shouid first be designed for normal loads, operations,
performance, space, fatigue life, etc., then secondly to handle normal payload conditions. Then “the
effects of crash loads must be considered to determine where structural modifications are needed to
improve crashworthiness.” Co -

COMMENT: This reinforces earlier conclusions of the present critique, that the new Guide gives

greater emphasis to practical improvements for safety and vurvivability purpoees after basic mission
design is completed.

FUSELAGE CONSIDERATIONS

Design of the| fuselage can control both the degree of collapse and the level nf acceleration
experienced by occupi:nts during a crash. On the one hand, selected regions can be designed to
‘withstand ter forces without collapse. On the other hand, deformation #1d collapse of other
structure in piedregions car: be used to improve energy absorption potential. Other variables
and trade-offs to be considered include the following related U.S. Army design concepts. However,
design considerations listed belrw may not be applicable to commervial jet aircraft. For example, -

operating s for large commercial awrcraft hardly make survival of a 30° impact at 130 kn landing
speeds a likely outcome; this is not unlike the evaluation by Guide authors of 100 ft free fall as
unsurvivable. : . : .

Related U.S. Army Design Concepts
" Longitudinal Impact

3. Methods of reduced earth scooping for loagitudinal impact, including deformaidon control and
use of the overlap from sk.ungling of joints in skin to pievent skin deformaticu leadmg to
scooping pf earth.

2. Impactanglesup to 30’. mcludmg the rapid change in pltch angle to realign the f uaelage wnth
the impact surface, and anocutod
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* Fuselage bending failure
* Effacts on floor structure
* Decrease in occupant volume
Vertical Impact
1.. More hmnted energy ab'eox"ption stroke
* Shorter distance, fewer trade-off models
+e Energy abeorption strokes can include:
. Gear
* Fuselage
* Floor
* Seat
¢ Cushion
2.  Control of conditions for vertical collapse
¢ Dissipation of er;ergy according to where the mass is concentrate,

e Structural design to control both elastic (recovering) and plastic ( .eforming) energy
absorption and for cabin integrity design to enhance absorption below floor level

Lateral Impact and Rollover Protection, from:

1. * Design of butt line beams, longitudinal floor beams, and main box frames

2. Preventing intrusion by rotor blade and other external members -

" Other:

1. - Energy abebrpt.ioh by incremental rotor whipping and faflure. or by iving loading and failure

(wings can absorb up to 5 G)

2.  Breakaway wing fuel tanks

3. Engine mounts keeping engiheo (helicopter and front located fixed/wing) attached to basic.
‘structural member . Co '

4. Rigid emergency exit structure to prevent deforming (to Withstgnd at leasi a 5.G load)
5, Emergency exit access for rapid egrese

6. Fuel Tanks
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¢ Maximum possible distance to occupiable areas

: " - ¢ Away frem probable ignition sources so much as feasible; (engine compartment,
battery, other primary ignition sources)

.. » Away from probable impact damage, e.g., landing gear penetration

Controiled, tank structural deformation, e.g., by regular structr.al shape to
minimize deformation pressure

Fuel cell supports to deform without tearing

Y VL Y L, e .
’

Materials and St.uctural Properties

Material contributions to controlled collapse for failure modes of metallic, nonmetallic and composite
= materials include: '

1. Controlled collapse mechanisms

2., Material failure modes that do not produce r~.ojectiles

" YRR

3. Joint designs and fastener selections that control failure mechanisms and minimize the
formation of projectiles

Applications of material properties for crashworthiness include absorption of energy through
structural deformation, degree of protective shell distortion/retention for the occupiatle section, use
of surrounding structure as a buffer, and occupant protective devices. Material ductility helps to
ensure that crushing, twisting and buckling can occur without rupture. Nonsparking material on
impact surfaces helps to reduce post crash fire hazard.

!
:
:
:
:
i

Examples of controlled failure modes include:

. 1. Mmumze inward buckling ltructureo. such as sidewalls, bulkheads, and floors.
E . 2.  Use deforming )omt.s and attachment fittings to control fmlure modes.

13 3. Minimize matemh that suddenly unload with bntﬂe fractures, causing addmonal impulse effecs
;. and potentially progressive failures in adjacent structures.
}
. 4. Minimize failures of membem that result in penétration by )agged ends into occup;ed space or
3 fuel cells, or by fmled structure or exterior agents,

N 3 .

, ; 5. Avoid uwwve dmwrtxon of emergency exit surrcunds that might constrain the postcrash
(H opening of doors or wmdom
- 8. Protect ﬂammnblo fluid containers from penetrauon
-
3 Some of the new materials chamtemucn and trade-offl t.hat are already recogmzed are:
C 1.  Structural deaxg.'u may al.o contribute to c.onttoued‘defomauon.
- -
-
L.
.
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2. Composites save weight, but have different strength versus ductility properties. Additional
energy absorbing material in strategic areas may become necessary. Selected energy and load
limiting absorbing concepts from the Guide are presented in figures D-3.7 and D-3.8.

3. Alternatively, filler materiais such as honeycomb and structural foams may achieve adequate
energy absorbing performance. However, mission requirements may limit use.

4. Thermal mismatch of new materials may become a problem from unequal expansion and
contraction due to normal temperature changes. Representative characteristics are prov1ded in
the Guide.

Controlled deformation for helicopters can permit full use of the landing gear in a vertic.! stroke for
some impact modes. Use of landing gear for energy absorption offers, potentially, a larg? absorption

factor for vertical loads (e.g., an 18-in. stroke, 18.25 G peak, 9.125 Ggye, load limited gear at 100%

efficiency would totally absorb a 42 ft/sec impact velocity). However, little alvantage from landing
gear failure is suggested for longitudinal impact — at 160 mph, landing gear failure is suggested by
the Guide to absorb unly 1% of the kinetic energy. Additionally, avoiding hazards from gear failure is
identified as a significant problem; the recommendation is a design that keeps the ear away frc.a
the fuselage or from flammable fluids, or even sets up the gear to be carried away on impact.

COMMENT: Distinctions in operations and design on the one hand and in inherent ¢ ructural flexibility
and ductility on the other hand, when comparing large flexible body aircraft to the rigid body small
aircraft, will make a great deal of difference in both the type, quality, and degree *¢ which the above
structural features might be beneficial. For example, landing gear are specificaily i lentified as a
potentially large energy absorber in the rigid-body aircraft for low speed vertical impucts, but offer
little energy absorption at “high” speed horiz...tal impacts that approximate stall speeds for large
commercial transports. Also, landing gear locstion and the conditions of impact offer a different
situation so far as gear failure is concerned. Guidelines regarding nonintrusion rre similar to existing
FAA requirements, e.g., nonintrusion of gear into the electrical and fuel systems when the gear fails.

Accordingly, this section of the Guide offered a number of guidelines and qualifications that bear -
consideration in design. However, quoted criteria levels cannot be applied to commercial sircraft
unless recearch can establish levels appropriate to large flexible-body aircraft.

EVALUATION TECHNIQUES
ANALYTICAL METHODS
Simulation may be by analytical models, scale models, computer models and full-scale tests in order
to provide both obeervation of complex interactions and a rational basis for the sequencing of events,
loads and modes of failure. Volume III of the Guide presents a major section on the basxc elernents of
some of these methods. They will not be abstracted here.
As outhned in the Guide, numerous computer simulation models in particular are being developed for
use in simulation evaluatinns, Some are being developed for support of preliminary design studies;
others for more sophisticated uses. The five main classes of models that are used include:
1. Simplified spﬂng mass models
2.  Generalized spring mass models

3. H ybrid mo&els
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4. Frame type models
5. Finite-element models

The first two classzs differ in level of detail. Frame type models use beam elements instead of spring
elements and lumped or rigid body masses at beam element intersections. They may be two-
dimensional or three-dimensional. Hybrid models require static component tests to obtain
mechanical properties of structure. The finite-element approach uses more formal approximation
approaches for more discrete definition of structural representation and properties. Finite-element
models tend toward increasing complexity and computational cvs*. How« » r, none of the modeling
procedures is totally free of testing requirements and analytical judgment. The reason is the
extremely complex process for vehicle structure deformation under crash loading, which involves:

1. Transient, dynamic behavio:

2. Complicated frgmework'and shell assemblies
3. Large deflections and rotations

4. Extensiv? plastic deformations

COMPUTERIZED METHODS OF ANALYSIS (State-Of-The-Art Sumr-ary,
Not From Cuidd)

Impact dynamics of a real crash involving complicated structural design are too complex for manual -
analysis; however, modeling methods offer an eventual capability that could previde a simulation of
all the dynamic interactions. For example, numerous dynamic models of the human body have been
developed for crash impact analyms to predict the response of .he occupant, restraint and/or seat
systems,

One-, two-, and three-dxmensmnal models have been developed. More broadly descnbed m this
present report are: v

1.  Dynamic Reeponse Index (DRD (ref. D-5)
2. SOM-LA (Seat Occupant Model: Light Aircraft) (ref, D-7)

3. PROMETHEUS (now PROMETHEUS III two-dimensional mode with restraint performan(.e
integrated with body dynamics and oiher outputs similar to SOM-LA) (ref. D-8).

Occupant Mcdeling Summary

Three occupant-simulation computer programs are evaluated in following paragraph with regard to
their ability to produce useful engineering trade-off data regarding relative safety of a restrained
oocupant: a one-dimensional model (DRI), a two-dimensional model (PROMETHEUS Il) and a three-
dimensional model (SOM- LA)

The ore-dimensional (DRI) model is usable only for seat ejection evaluation and is of no use for

evaluating the safety of commercial aircraft. The two-dimensional model (PROMETHEUS I) is -

. suitable for producing sophisticated engineering trade-off duta and is being used for this purpose,
subject to the limitaticns imposed by the two-dimensional nature of the simulation. The thr >

- dimensional medel (SOM LA) needs modehug improvements before being usable for engmeenng v
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purposes. The needed improvements are technically difficult and fall into the realm of applied -
research. Although SOM-LA is not currently adequate for evaluation of restraint system
performance, it provides a rough approximation of the gross motion of the occupant for purposes of
obtgining the dynamic loads on the seat structure.

Tiie possibility of merging these programs with a large finite-element computer program such as
DYCAST is also considered and a procedure for accomplishing the merging is proposed.

Program Calibration

+ Computer modeling of transient structural dynainics is e relatively new technology, and standards

defining what is a good structural dynamics computer program are still evolving. (Occupant-
simulation is a special type of structural dynamics). As a consequence, each new structural
dynamics computer program must individually earn acceptance in the engineering commumty before
its calculations will be utilized by designers.

There are two aspects to acceptance. First, the program must produce behevable results. That is,
predicted dynamics should appear ~:asonable and credible to the desxgner and the designer should
be confident that the program models the main dynamic effects. To enhance believability, the -
program output should contain, in readable form, information which assists the designer to
understand the dynamic evenis (such as txme-hxstorles of system forces). Graphic aids are
also helpful.

The second ingredient vital to engineering acceptance is demonstration of program accuracy. That
is, demonstration of capability to reasonably predict an actual test. Achievement of predictive
accuracy is usually a very difficult and time consuming process for occupant-simulation codes

‘ because of the nonlinear nature of the problem and the difficulty in obtaining measured values for

dynamic parameters. The calibration of the PROMETHEUS III occupant-simulation computer
program will be described to illustrate how this process might work.

Instrumentation data from several sled tests were obtained from the Federal Aviation Agencies Civil
Aero Medical Institute (CAMI). Physical data for the anthropomorphic dummies were obtained (limb
weights, measurements, spring constraints). Propertizs were ectimated where measured data could
not be found. One of the CAMI tests was t.hen simulated by I'ROMETHEUS

‘When the initial simulation did not provide satxsfacmry correlation with test data, the problem was
attacked from two directions. First, it was evident that the restraint system model in PROMETHEUS
was inadequate, 80 a more sophisticated mathematical model of the lap belt and shoulder harness
was developed and added to PROMETHEUS. For example, the lap belt was refined to permit the
slipping associated with submarining, the shoulder harness was refined and chest/shoulder flexibility.

" was added to appropnately incorporate hameee/body interactions and ehppmg of the harnesa on the

shoulder

" The second approach which was attempted concurrently with the fixst. was to paramencally vary the
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mechanical properties of the simulated occupant (such as neck stiffness and damping) in
PROMETHEUS simulations and note the resulting trends. The parametric variations helped provide a
feel for the occupant dynamics and served as sensitivity studies to identify the important dynamic
parameters. Some dynamic effects were observed which were not influenced by the parametric
variations; additional modifications were made to the mathematical modeling in PROMETHEUS and
parametric evaluations completed to approximate these effecta. Additional cycles of modeling
mpmvementelparametnc vmat\ons continued until correlation with actual test data was achieved.




The resulting modeling changes to PROMETHEUS were quite extensive; so much so that the
correlated model was renamed PROMETHEUS II. Figure D-3.9 summarizes the parametric
variations and modeling changes required to achieve cahbratxon

After calibration, an independent test case was simulated with PROMLTHEUS producing good
agreement with actual test results involving a real Part 572 dummy in sled testing. Figurz D-3.10
indicates the correlation finally achieved. - . ,

Review of Occupant Simulation Computer Programs

Three occupant-simulation models are reviewe in following paragraphs. These consist of a one-
dimensivnal model (the spring-mass model associated with the Dynamic Response Index (DRI), and
a comparison of a two-dimensional model (PRO\IETHEUS HI) and, a three-dimensional model (SCM-
LA).

The models ire examined from tw: viewpoints — first, as a tool for engineering design of a
seat/restraint system, and second as a possnble cendidate for intcgration into a large structural
dynamics simulation computer program in order to model the complete system (alrcraft seat and
occupant) in a single sxmulatxon

One-Dimenaional Madel (D_RI) — A one degree of freedcm dynamic-response model of a human

. occupant has been prooosed (ref. D-5). The model consists of a simple linear spring and damper,

and a point mass. The 3pring is sized by the compressive suffness of the lumbar vertebrae and the
damper is sized by human vibration tests.

The DRI is an injury scale associated with this model. The DRI for a deceleration pulse is the ratio of
the peak compressive spring force which occurs when the nodel is excited by the pulse to the
weight of the point mass. To associate tolerance levels with the DRI, the DRI was caiculated for
existing ejection seat demgns The computed DRI values were plotted against the percentage of
ejections in which spinal injury occurred; the curve thus obtamed represents an approximation of
injury probablhty as a function of DRI

Both the simple occupant model on whxch the DRI is based and the DRI itself are very limited in

apolication: the simple model could only be used for cases in which the loading is purely vertical, that

is + G, such as int ejection seats. It is obvivusly not applicable to model a restrained occupant under

forward loads; in this case the main effect is the combined stiffness of the restraint system ard the -
occupant’s pelvis/chest. Even for +G; acceleration the model is,difficult to use since potentially

mgmficant effects, such as the effect of geat pan etxffness. are neglected

* The DRI is based on a model which does not adhere closely to the actual dynaxmcs of an ejection.
The seat pan stiffness is not considered, nor is the distribution of body mass along the spine or the

weight of the occupant. Thus, the DRI can be expected to produce useful data only in crashes which
are pretty much like a seat ejection - that is purely + G, acceleration, seat pan stiffness similar to the
stiffness of a fighter pilot’s seat and the occupant strapped tightly in.

The Army Crash Survival Design Guide says of the DRI: _

“Although the Nynamic Response Index (DRI) ... is the only model correlated extensively for
ejection seat spinal injury prediction, it has serious shortcomings for use in accident analysis. It
assumer the occupant to be well restrained and erect, so that the loading is primarily
compressive, with insignificant bending. Although such conditions may be assumed for -

ejection seats, they are less probable for helicopter craskes, in which. an occupant may be
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leaning to =ither side for better visibility at the time of impact. Further, the DRI was correlated
for ejection pulses of much longer duration than typical crash pulses.”

“A more detailed model of the spinal column would yield more realistic results, but injiry criteria
for the more complex responses have yet to be developed. Consequently, the DRI is not
recommended as the critcrion for use in designing crashworthy seats.”

Review of Two-Dimensional and Thre&Dtmenmonal Occupant Simulation Computer Programs — The

following discussion reviews and compares the two-dimensional program PROMETHEUS III
(ref. D-8) and the three-dlmenemnal seat-occupant model — light aircraft (SOM-LA) (ref. D-7).

"ROMETHEUS III was developed at Boeing in a series of applications for veried nurposes, staiting
from the Dynamic Science program, SIMULA. The focus of the most recent, PROMETHEUS I, has
been on accurate modeling of the occupant and restraint system. PROMETHEUS III has since been -

" ' used extensively to develc » data for assisting in engineering design decisions.

SOM-LA development was sponsured by the Federal Aviation Agency through a series of contracts
with various companies and universities. The emphasis in SOM-LA development has been on the
detailed seat model. A new version of SOM-LA, termed MSOM-LA was completed under anumber
DTFA03-80-C-00098. The occupant model has been upgraded in MSOM-LA.

Development of Basis of Evaluation - Boeing is one of very few places that an occupant
simulation computer program (PROMETHEUS I[I) has beei. developed and demorstrated
sufficiently to be used «s a trade-off tool in the engineering design process. This experience is
drawn upon to establish criteria for ‘continued evaluation of occupant-mmulatlon computer
programs.

The design questions for which PROMETHEUS III simulations were employed to provide
engineering data were quite varied; the common denominator was that all questions related to
relative occupant safety. Of course, and due in part to the limitadons of existing human tolerance
data, it'is rarely possible to predict with certainty whether injury would have occurred in a given
crash on the basis of a computer simulation; similar questions may also be unanswered in dummy
tests. However, in most cases, computer simula_5n is the only practical method for obtaining
trade-off data for specific questions, and on a timely basis. '

To be usable for this sort of design question, an occupant-sxmulanon computer program requires .
two major attnbutee 4

First it must be able to model a very geneml structure (notjusta seat), and be able to mcdel contact
between the occupant and any part of the structure. (For example, impact of an occupant with the
seat ahead). '

The second feature is that the program must provxde data which may be used for estunahon of
comparative injury potential. This means t.hat

1. The program must have been calibrated by predicting to test data (preferahly from live human
tests or from dummies demonstrating at least partial lcorrelation_ with human data).

' ‘2. Time-histories of ferces acting on individual body segments of th- oecupant model should be
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pnnted and/or chartad.

3. Time-histories of torques acting in joints of the oc.:urant (u g., the elhow) ahould also be
pnnted and/or charted.




4. ’ Time varying internal loads acting on flexible hody segments (such as the lumbar spine) should
be printed and/or charted.

Of course, the standard software features relating to ease of progrs..1 v e are also desirable — that
is, ease of input, automatic data checking, legimlity of output, and availability of graphic aids.

Comparative Evaluation of PROMETHEUS Il and SOM-LA — Figures D-3.11, D-3.12, and D-3.13
constitute checklisis of features needed fcr engineering design usage of occupant-simulation
computer programs. Checklist items were obtained pragmaticaily from experience in uasing
PROMETHEUS I (o develop design trade-off data. The amount of use of PROMETHEUS I justified
_ incorporation of most checklist iters into PROMETHEUS II; consequently the lists serve mairly to
indicate desirable improvements in SOM-LA. An improved versicn of SOM-LA is named MSOM-LA.
The main improvement in the new model is an improved seat model which is capable of modeling
energy absorp‘ion. The occupant modz: L8 also been improved by the incorporstion of a flexible
segment representing the 'wabar spine. o

The major deficiency in PROMETHYUS III is that it hds only been posesible to perform limited,
exploratory calibration against live human test daia and for similar reasons limited exploration of seat
model dynamics. Added calibration of thia type ir lesirable. A benefit is that mechanisms within the

two-dimensional PROMETHEUS III model are eagiar to comprehend than thoee within a three-

dir: _nsional model, giving an added plus for initial use of a two-dimensional model in calibration
efforta. Other than development which may be required to achieve such calibration, further model
evolution must consider limitations intricsic to the two-dimensiona! nature of the model and
distinguish the conditions for using a 2-D or a 3-D model. Of course, current uncertainties in the level
of human tolerance to tramnent loedl are a constraint that must be obeerved for either 2.D or
3-D models.

SOM-LA could benefit from both human dai. cslibration and ‘model improvement (frcm the

standpoint of us~fulness for engineering design). There are two major modeling deficiencies — the

restraint system model and the difficulty of modeling nonstandard seats and structure. Both

represent difficult modeling problems in a three-dimensional environment, and the methods

developed to s:mulate these features in the two-dimensional PROMETHEUS Il computer program
do not readily generslize to three dimensions.

SOM-LA has a very primitive restraint system model. The restraining belts are pinned to the body,

" 80 realistic modeling of a restrained occupant is impossible. SOM-LA also has limited flexibility in

the type of restraint system which may be modeled. Nonstandard configurations, such as restruint

system with crotch or thigh strape could not be simulated. In addition, harness friction is

. implemented mcon'ect.ly (friction is crudely and incorrectly simulated by reducing the tension in

the strap seyment running from the lap beit to the shoulder by 12%). Another serious defect is
that chest compreesibility. (which effects shoulder harness ! jads) is not modeled.

Aaccordingly, this simple reetraint system model is inadequai: for engineering design uee for
evaluating restraint system performance. It introduces unceriswnty into the accuracy of predictid .
body loads and accelerations, since the dynamic performance of the rostraint system is one of the

primary sources and conduits of transmission of crash ioads to the occupant.

The second major SOM-LA deficiency is the limited ses? structural configurations which may be
simulated. It is possible that more generality is availab'e in MSOM-LA. In addition, it is desirable
that MSOM-LA be capable of simulating contact between the occupant and an arbitrary structure
(e.§., the back of tne seat ahead). This finite element “contact problem” is difficult ani is the
subject of current reee.n'ch (eg. referenoe D-8)
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FEATURE ‘ PROMETHEUS 111 SOM-LA | MSOM-LA
‘ Note 1)
I Occupant - |
Segment masses, length, 1,0 1,0 1,0
"inertias, c.3.'s. '
. Mechanical properties 1,D D - D
of joints
11  Restraint System ’
Mechanical properties of 1,0 : 1 - I
lap belt '
Mechanical properties I,D 1 v I
of harness
IIl1  Seat
Geometry , I,D I I
Construction ‘ 1.0 D "1
Mechanical Properties 1,0 i [
IV Crash Pulse 1,0 I I
VI  Interactive (Con«ersatvonal\ X - -
input reature '

I = Input, D s Default (i e., supplied by program)

Note 1: It is aSSumed that the MSOM-LA fnput 'is es;entially the same
as the SOM-LA input. '
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Figure D-3.11 - Comparison of ﬁrbgram input Feaiures
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FEATURE PROMETHEUS I11 SOM-LA MSOM-LA

(Note 1)
I Occupant
Seaqment cartesion position, X X X
velocity, acceleration .
Seament angular position, X - -
velocity, acceleration '
Forces .on segments X _ -
Joint Torques X - -
Spinal loads X - -
I1 Restraint System ‘
Lap Belt Load X X X
Harness Load X X
Belt Slip X - -
II1 Seat :
Cushion forces X X X
Reactions X X X
Nodal Forces X - -
Element Forces X - -
IV Crash Pulse X X X
V. Printer Plots ,
.Accelercation Traces X X X
(vs time) ‘
Snapshots of Victim/Seat X ‘ - -
Locus of Segment ¢.g.'s as -« , X X

Functions of Time
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Note- 1: It is assumed that the outpit features of SOM-LA and MSOM-LA
' are essentially the same,
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' Figure D-3.12 - Compan‘son of Program Output Features
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FEATURE ' PROMETHEUS 111 SOM-LA MSOM-LA
1 Occupant ‘
Spinal Articulation 5 links 4 Tinks 5 Tinks
Flexible Lumbar Link - X ' - X
Flexible Cervical Link X X X
Automatic Initial Position X . X X
Generation .

Compressible Chest, pelvis, X - -

I  Restraint System
Realistic friction X
Free to slide on victim X - -
Webbing Stretch - X

>
>

II1 Seat :

Finite Element Model

Bar Elements

Beam Elenients

Plat> Elements

No. of elements in typical
seat model

Cusiion

Energy Absorption

Aircraft Interior Modeled

1 < > X
O > < € >
O >< >< >< >

Xex X ek

> > ><

IV Crash Pulse
Translation Components ,
Rotational Components - X

»<
> >

v Calibration against

' experiment - , ' .
Anthropomorphic Dummy X - bodaded hk
Live Human ' *hw T .

PR LR EY LY L T I Y Y Lt ARE X Y PR T X R R e b L T T T R Py e S gy

*  Growth Available |
fodod According to the SOM-LA developer,. Cr. David Léananen, this feature
‘does not work in SOM-LA but does in MSOM-LA,

bodod Préliminary calibration accomplished.

. . .
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Figure D-3. 13 - Comparison of Basic Mudeling Features
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In addition to these research improvements, several straightforward and rather easy software
improvements would enhance usability of the code:

1. Calculate and display nme-hlstones of loads actmg on the occupant (e.g., spinal loads,
_ segment forces, joint torquea).

2. Improve the algorithm fo' ~omputation'of joint torgue.

3.  Add printer plot “snﬁpahot#" of seat and occupant for appraising occupant location at zelected
times (two views) for realism and posaible comparisont with slow motion movies.

Incorporation of SOM-LA into Large Crash Dynamics Code

‘It may become necessary to acquire or predict dynamic interactions of occupant and floor. Simple
predicticns nus y be possible with SOM-LA. Action has been started within the government with the
goal to marry the 3-D SOM-LA with a large finite-element computer program (e.g., the 3-D DYCAST)
in order to model an aircraft crash in a single simulation that more properly couples the dynamxcs of -
the occupants and the aircraft structure.

To accomplish this marriage, it is suggeated that the occupant/ restraint model be extracted from the
SOM-LA occupant/rrstraint/eeat model and nackaged as a “super-element.” The occupant super-
element would then be inserted into the large finite-element programs as a 1:odule, although, as
noted previously, improvements in the SOM-LA restraint system model are needed to model
occupant dynamics accurately. The existi.g SOM-LA occupant/restraint system model would
probably be adequate for the purposes of calculating the gross dynamics of the seat.

The ﬁmte-element code would be utilized to model the seat — that is, the SOM- LA seat model would
not be used. (This presumes the development of a general contact model to simulate forces acting
between the seat and occupant). The contact model would be used to simulate seat cushions. This
concept has three advantages:

1. Simulation of 'multiple occupants becomes possible (e.g., a triple seat).

2. Synchronization of the numerical integration achemes (i.e., the procedures for solving the
equations of motion as finction of time) in SOM-LA and the finite-element program is not
required. The integration schere of the f; mlteclement program is utilized for both occupant(s)
and structure. ‘ :

3. The capability of the finite-element computer can ks employed to model very geheral seat
designs. ;

Jt- would be possible to use the large finite-element program to n..del the occupant. The advantage of
the super-element is that occupant modeling requires some features that are not generally needed in
general finite-element modeling of structures, such as limits on angular motion of limbs at jointa.
Moreover, occupant modeling is rather specialized, and the correct mechanical parameters
describing the occupant are not widely known (in same cases supportive data are not known at all
and parameters must be inferred by parametric sensitivity testing). Thus, it wculd be difficult for a
nonspecialist to construct an accurate model.

Additional effort would be mqmred to make the occupant auper-element work; provision for ,
" transmitting input data to the super-element and obtaining printouts of detailed occupsnt time-

histories is reqmred In addition, the graphicsoutput from the finite-element program (if graphics post

proceumg is avulable) must be nd,usted to dnw the occupant(si in addmon to the structure.
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The same procedure could be used to lift the two-dimensional occupant model from PROMETHEUS
I1I if a two-dimensional crash simulation were employed. However, there is little benefit to expect
from, for exaunple, using such a model in an overturning or cartwher ling light aircraft where violent
interactions of all three dimensions of motion would be occurriag.

SCALE MODEL TESTING

This third approach to evaluation is constrained by the dynamic operation of all system elements in
impact loading. While used in other areas of testing (aerodynamic, bridge design, buildings, etc.)
crashworthiness testing using scale 1nodels is more difficult, and credibility becomes more suapect
when plastic deformation and rupture may occur in the real environment. Such paramete.s are very
difficult to represent in a scale model. Appropriately appronmahng the matenal propertxes in scale
models is very aifficult.

TESTING

* There will remain vast differences in opinion regarding the degree and type of testing needed to
. demonstrate suitability of a given design. Authors of the new Guide take the position that testing,

including “instrumented full-scale crash tests should be conducted to verify analysis performed and
to substantiate the capability of the aircraft system to prevent occupant fatalities and minimize the
frequency and severity of occupant injuries during crashes of ... criterion level severit .”
Instrumented drop “ests for landing gear should be conducted to verify analytical predictions and
performance to G criteria, including, 20 ft/min sink rate with 10° nose down and 10° roll. A drop test
to a sink speed test of 42 ft/sec with level attitude should also be conducted. (Helicoptor is implied
for drop tests by reference to rotor lift). Static tests for restraint systems are recommended to
design loads, with “sufficient dynamic tests” to confirm that analyses are supported by static test.
Static tests of components tied to structure by their normal attachment provisions‘should be
required’ to demonstrate compatability. Proof loadmg instead of ultimate crash design loads is an
acceptable minimum condition.

Design checklists - are provided to more easily record and check 'performance to the above

conditions. Fue! cell considerations are added. Fuel cell items are to keep fuel away from impact area
and from occupiable areas, with containment emphasized (e.g., avoid projections that might
puncture; use frangible and self-sealing couplings where separation might occus).

COMMENT: Army full-scale testing of small, relatively inexpensive vehicles uses drop towers or

. 8wings, and testing is obvioualy dramatically different in achievability and cost for their helicoptor and

light fixed-wing aircraft. The contrasting situation is the very large and expensive vehicles that can
not be readily positioned on a drop tower or a pendulum swing, such as the large aircraft in Air Force

inventory and large commercial aircruft where full-scale impuct testing is not done. Certainly, there

are many order of magnitudes of difference in complexity, test systems, data interpretation for any
serious attempt to do testing with a large, flexible-body aircraft. system with extensive structure and
oomphcated structural dynamics.



4.0 HUMAN IMPACT TOLERANCE AND PROTECTION
FIMPACT TOLERANCE CONSIDERATIONS
CRASH ENVIRONMENT
The Army aircraft impact loading scenario varies. Severé impacts more typically include a sequence
of events, including: (1) landing gear stroke and wheel failure, (2) fuselage, with both ground and

fuselage deformation, and (3) energy abecrbing stroke of ihe seat. For Army aircraft, high
longitudinal and lateral loads may be applied to the seat after gear and fuselage deformation — some

. military aircraft use a “well” or depression in the floor to provide stroke distance, and stroke control

then becomes important. Additionally, allowing any more longitudinal or lateral deformation “than
necessary could increase the risk of head or chest impact on surrounding structure.” Stroke limiting
and load limiting trade-offs may become necessary.

Crash load trade—bffs for the Army'’s light aircraft as described in the Guide, are based on a series of

worst case situations for each of several components with little or no acrumulative “credit” for

beneficial features for each that contribute to an overall improvement. Thus, design criteria are

. specified for components, as well as for the entire system. One :xample given as a.justification is

gear stroke and failure that may occw in a way contributing to lateral loading, such as from a single
gear failure, or from hitting the ground with a high roll angle. in helicopters, continued rollover
appears common, ¢ven without added impulse from the mrin rotor blades after gear failure.
Accordingiy, the Guide authors have concluded that multiple directional, complex, and violent crash
kinematics of Army aircraft (including flip over or upeide down impact) demand strength requirements
in all directions, including upward and aftward. Lower impact load criteria are imposed for those Army
aircraft that are less likely to encounter so.ne ~f the conditions. Crash environment studies for Army
vehicles also distinguish between impact loads for light fixed-wing aircraft and helicopters. Fixed-
wing stall/spin accidents can produce . gh lateral loadings with resultants in the Jongitudinal/lateral
(or yaw) plane. Helicopters show a bigh incidence of side impacts or rollover after accidents.

IMPACT INJURIES

In Army systemi, head injuries were the leading cause of major and fatal injuries, accounting for 31%
of all futal injuries. Leg and chest injuries tended to be next, varying in rank irom one airplane to the

next. ‘ :

Breakdown of injuries according to aircraft type demonstrated that szrious vertebral injuries were
lower for light fixed-wing aircraft and cargo helicopters than the others. The rationale presented ia
tha’ the stall/spin characteristic of the fixed-wing aircraft and the larger crush distance beneath the
floor of the cargo helicopt/.c reduced vertical loads. '

HUMAN TOLERANCE TO IMPACT

Discussions of human tolerance point out thatin npife of the multitude of experiments, few criteria
useful in system design have been developed and validated.

Tolerar.ce data presented are relativel:* standard in the literature, moet particularly from a summary
reported by Eiband (figure D-4.1, from the U.S. Army’s Aircraft Crash Survival Design Guide, also
used in ref. D-3). These authors reference conditions where injuries have occurred in zome
particular cases as a basis for avoidance. Reported are bases for Head Injury Criteria (HIC)

(recommended), and DRI for spinal injury criteria (not recommended, see “Evaluation Techniques”, .
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page to come). In the Guide, leg injury criteria are established at 2000 1b for time less than 20 msec.
“Although some research has been conducted on the tolerance of other body parts, such as the
neck, thorax and abdomen, well defined valid criteria have not been established.” Variations in leg
injury data presented in the Guide illustrate the point. Additionally, numerous related literature
reviews have been conducted. Results from an Aerospdce Industry Association Study by the
Transport Airworthy Requirements Committee (AIA-TARC Study, ref. D-3) are repeated in Figure
D-4.2 for information purposes.

Actually, data regarding human tolerance to impact still leaves many areas for uncertainty and
disagreements. One obvious difficulty is that stressing the live human body to tolerance limits is
impoesible. Tests with volunteers are necessarily at subcritical levels. Accordingly, animal research
has provided much of the data that is used. Additionally, human cadavers have been used as test
specimens. However, age, sex and state of health for live people (and for cadavers) can influence
tolerance. Additionally, mathematical models and anthropometric dummies are being used to
develop better understanding of the kinematics und forces involved and to develop an imprcved
mechanism for injury predsctmn

Overall probabxhty of survival depends to a large extent on mauner of restraint, particularly to control
the upper and lower torso and protect the head and chest. Strongest restraint load points for such
control are the pelvic girdle, the shoulder structure, and the rib cage. Restraint effectiveness is
related to contact area and force distribution, the body location for application, and the degree to
which residual movement is controlled. However, protecting the arms and legs from contacting the
interior during flailing is concluded by authors of the Guide to be extremely difficult; in most cases,
the cocoon that would be required to produce such containment is quite impractical. Another
problem is caused by loose restraint, which contributes to magnified accelerative forces. The abrupt
halt in forward occupant motion with the taking up of the slack in restraint then magnifies restraint
loads on the body and on the hardware — a condition called dynamic overshoot.

The authors of the new Guide indicate that their main areas of concern for configurations featuring
only a lap belt are the potential for bead injury and the potential for submarining. They urge use of a
shoulder harness in addition to th» ocelt as a favored solution, although it is recognized that
connecting the harness to the belt buckle will pull it up and increase potential for submarining —
which could load up the abdominal wall as well as flexing the spinal column. To counter this potent.wl
a lap-belt tiedown is recommended by the authors of the Guide, and is actually used by all services.

COMMENT: In a survey conducted for the TARC 216-10 study, leading experts in the field were
specifically questioned about this, with none reporting to have observed submarining when only the

lap belt (without shoulder harness) was used. Trade-offs of belt-hamess characteristics will be

presented in a later paragraph.
WHOLE-BODY ACCELERATXON TOLERANCE

The Guide authors emphasize a fact that is seldom discussed. Whole-body chest-to-back tolerance
has been demonstrated to be as much as 45 G for pnlse durations less than 0.044 sec. This
decreases to 25 G for 0.2 sec. Some debilitation and injury may occur at these levels. In other
- words, survivability is not a nice simple constant that is readily engineered; and man is not
necessanly ad4bG system

Tolerance estimates for aftward loading (éyeba]h in) are not accurately established. Forces of 8:'?» G.

for 0.04 sec has been experienced in a backward facing seat, followed by debilitation, shock and
on-the-scene medical treatment. Accordingly, the authors estimate tolerance to be between this
83 G and the 46 G, 0.1 sec condition weepted for the forward facing case.
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Vert'cal (eyeballs down) loading threatens lumbar compression fracture, again with a variable range
for injury potential; potentxal for visceral injury is also greater, since vertical loads place a greater
strain on the suspension system. Eyeballs up loads are on the order of 15 G for 0.1 sec.

Lateral accelerations are less vell explored. Volunteers, with only lap belts, withstood 9 G for
0.1 sec. Wich beit and shoulder harness they withstood 11.5 G for 0.1 sec. Other, less weil
protected lateral impact cases have apparently suffered serious injury.

From the information presented by Guide authors, rate of onset for the force also has an influence,
although one that is not well understood. Rates as high as 28,000 G/sec have been survived under
very special circumstances which provided an »xceptional distribution of body loads. In general,
lower rates of onset are preferable.

According to Volume I of the Guide several scales have been proposed for tolerance of various body
members:

1. - Head-Windshield Impact: Gadd Index

J-Tolerance
Effective Displacement Index
Wayne State Tolerance Curve
2. Neck Impact: No index. Two studies of tolerance to rotation
3.  Chest Impact Abbreviated Injury Scale
4. Abdominal Impact Little Data. Marked disagreemenis between investigators.

5.  Spinal Injury Potential Models estimating loads available

DRI (spinal deformation, force) (simple model of complex
system)

Wayne State Umvemty two-dimensional model
Air Force Head Spme Model

6. Leg Injory o . Femur Injury Cntem Peak load of 1700 pounds

COMMENT: Results from using such scales provide guideline mformatxon that can be used for

“order-of-merit” purposes. Some unpublished reports suggest that further research and
devalopment mxght be warranted; factors of two or more dxfferenee betwveen resulting “criteria” and
undamaged survival are not unusual.

OCCUPANT MOTION ENVEIDPESISTR.IKE ZONES FOR PROTECI'IVE CONSB)ERATI‘)N

Since kinematics of body acnon can be violent, dynamic responses of the body with dxfferent
restraints have been evaluated to define the motion envelope (including flailing) of all body parts.
Earlier discussion pointed out that conutainment of limbs was difficult-to-impossible. Lateral
displacement of the upper torso may be extensive, even with a shoulder harness. However, clearing

the strike zone of structural parts may not be feasible. The alternative is to design so that i injury .

potential is minimized, e.g., by energy absorbing suppom and paddmg material.
“CLEARED/PROTECTED" (Striko Zono)

Body strike zones are defined for a 95th percentile Army aviator during a downward acceleration,
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wearing a restraint gystem consisting of a lap-belt, crotch strap and shoulder hamness. A lap-bel.t-only
configuration strize zone is used for older Army aircraft. (fig. D-4.3). Hazards are rated as primary
(threat to head and chest), secondary (lower extremity injury or entrapment), and tertiary (upper

limbs). For Army purpcses, head protection is considered essential, using helmets, padding and -

energy absorbing structure.

Areas identified for flight crew protective measures include the instrument panel (padding, frangible

breakaway or ductility), rubber pedals (avoid crushing entrapment), control column (break 4 a..

above the pivot point, none through the instrument panel). For the gunner, identified areas include
eyepiece location, inertial harness, a power haulback inertial reel, inflatable restraint to reduce slack,
frangible/ breakaway/collapsable features (not to exceed 500 Ib of force).

HUMAN BODY DIMENSIONS AND MASS DISTRIBUTION

" The Army Guide uses specific criterion dimensions for design of physical or mathematical simulators

of the body. Details are reported in the Guide and will not be presented here. Those presented cover
male U.S. Army aviators and soldiers for 5th, 50th and 95th percentile and so'are not appropriate for
women. Also, information on complete dimensional movement (e.g., shoulder joint ranges of motion)
is presented, as are inertial properties. :

HEAD-IMPACT HAZARDS PROTECTION

Geometry of probable head impact surfawe is distinctly different from the flight deck to cabin areas.
Contact hazards in the U.S. Army inventory in 1965 were identified as including the following:

Flight Deck: Window and door frames, consoles, ‘control columns, seat backs, electrical
junction boxes and instrument panels.

Cabin Area:  Window and door frames, seata and fuselage structure.

Protection can be provided by energy absorbing padding materisls, frangxble breakaway panela ,

smooth contoured surfaces or ductile materials in such typlcnl hazard areas.
OTHER IMPACT PROTECTION -
Concems as expressed in the Gmde include:

1. Instrument Panel Structure Consider use of energy absorbing padding, franglble breakaway
panels, or ductile panel materials,

2.  Rudder Pedal Protection: The Guice mamtams that, unless a tledown strap. is used, pelvic
. rotation will almost invariably cocur with feet on rudder pedals and with forward and downward

loads, especially if belt is loose. To avoid complications from the various possibilities, the pedal _

should support both the ball and heel of the fuot. Potential for entrapment or crushing of the
seat should be considered.

3. Control Columns: Control of fracture pomt to near the pivot pomt is urged. Pnnel mountad

controllers are not recommended fracture consequences are considered too uncertain by the
Guide authors.

4. Sighting Systems: Location and frangibility and restraint power hgul back inertial reel.
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rFor cuckpit and cabin interior, energy abeorbing padding w..re recommended in the Guide for use
within the strike zone. Desired characteristics included:

1. Adaptability and ease of processing

2. High energy dissipation

3. Effective load distribution

4. Lo~ rebound

5. Temperature insensitivity

6. Low water absorption

7. Resistance to chemicals, oil, ultraviolet radiation, and sunlight

8. Nontoxic fume generation

9. Favorable flammabilily rating
10. Minimal smoke generation
11. Durability and long life
12. Cost competit, -~
13. Aésthetically acceptable

CRASH TEST DUMMIES
In spite of their limitations, Jummies remain one of the primary test tools for dynamic tests. Early
dummies developed in 1949 have progressed through several evolutions to a standardiz:d, more
sophisticated dummy specxﬁed for the Federal Motor Vehical Standards (Part 572) by the National
Highway Traffic Safety Adminisiration. Several more recent designs have emerged, 2il with the
' objective of improving dummy response and repeatibility of performances. Some comparison of

dummy and cadaver response has been accomjyiished. Comparison tests of dummy designs have )
been produced, demonstrating among other taings that complex dummies increase the numberof - Sy

test variables to a level that may exceed expenmenb..r ability to control the variables or understand v
the interactions in results. )
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5.0 AIRCRAFT SEATS, RESTRAINTS, LITTERS AND PADDING

This section of the Guide commences by emphasizing the subsystems that interface with
occupants, (including the controls as well as seats, restraints, litters and padding) and also the
basic operational differences between crew seats and passenger seats. It distinguishes between
passenger seats and litters for transport and crew seats, emphasizing that the crew’s functional
requirement and operational responsibilities are “of highest pnonty while maintaining that
comparable crashworthmeas protection is needed.

BACKGROUND DISCUSSION

Introductory commen's in the Guide express the position that a complete systems approach must be
employed to include all influencing parameters, including economic restraint, concermed with the
design, manufacture and overail performance of the aircraft in meeting mission requirements.

'However, an accumulative systems capability to protect or absorb energy is disallowed; maximum
capability from each component is emphasized. .

The intent of this section is to define minimum crash energy absorption “requirements” for seats
and restraint systems. Specified strenglh requirements are based on the crash environments
adopted in the Army guide update, as a-e test reqm:emen.s

COMMENT: The seat design requirem~nts stated in the Guide are based on the extreme crash
loads postulated to occur in the “O5th percentile survivable Army light aircraft crash.” No
recognition is given to the dractic differences in peak loads from the 95th ¢5 the 501 percentile
which suggest that the 95th percertile uased in the Guide may deviate so far from the normal (and
implied) use of such s:atistics as to be unrealistically and excessively high as a criteria. Other
guidelines are also in:'uenced by the assumed load levels. The Guide strongly sugges*a that seats’
should be designe« with a vertical energy absorbing stroke to mitigate the assumed high vertical
loads; little discussion is given to interaction between vertical and other dimensions during the
stroke. Better ur' ersundmg of the influence and means of controlling such interacting
parameters is needed..

SEAT INSTALLATIONS

Per military specification, “cach seat occupant is to be provided with a survivable environment
when the aircraft 1 subjected to a 95th percentile potentially survivable impact.” This will require
energy absorption and oiaintenance of “un-intruded” living space to avoid debilitating injury that
might preclude timely egress after crash impact. Candidate methods are many; sufficient
absorption by landing gear and structure could leave little requirement for energy absorption in
the seat. The converse also holds, requiring a long seat stroke. Restraint design loads tranamitted

through the seat to the structure are another variable.

Vertical energy absorption is mandatory in Amy aircraft seat component specifications because
landing gear also might fail; a 12-in. minimum "troke is reeommended but may be precluded by
desired positioning of the seat within the aircra!:.

, COMMENT: The object,ive correlates with a toﬁl sirplane objeciive but continues to leave questions

regarding statistically unusual and dramatic differences between 90% versus 95%. It does not provide
assurance that these “whole body” loads define seat loads, and leaves in doubt the accumulative
effect of such elements as slack or mupocmoned harness wh:ch may be beyond the control of the

deangner
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PRIMARY DESIGN CONSIDERATIONS

Primary design considerations for protection include the design of the seats to be retained in position
and use of an iutegral mezns of crash load attenuation. Additionally, the occupant’s strike envelope
should be “delethalized”, a term interpreted by the preseat reviewer to mean padded, frangible.
andjor ductile or otherwise designed 80 as to aid in the prevention of serious injury. Structural
distortion is discussed in terms of its possible benefits for energy attenuation but also of concernis
the extent of and effects of intrusion into ihe occupant envelope. Trade-off studies are necessary.

RESTRAINT/SEAT/LITTER/PADDING DESIGN CONSIDERATIONS

The U.S. Army’s position is that occupant protection and survival should be a primary design
consideration for seats; seata should “be retained generally in their original positions within the
aircraft throughout any survivalble accident.” Additionally, “the seat should prov.de an integral
means of crash load attenuation and the occupant’s strike envelope should be delethalized.”

Seat comfort is considared a piuot’s safety-of-flight factor, reducing potential for pilot fatigue in a
short time period, rather than a crash safety design factor. Pilot comfort “must not be unduly
compromised to achieve crash safety.” Back angles over 13° and thigh tangent angles 5 to 20° are
recommeaded in the Guide. (Influence of seat angles will be discussed later).

Seat comfort is considered a pilot's safety-of-flight factor, reducing potential for pilot fatigue in a
short time period, rather than a crash safety design factor. Pilot comfort “must not be unduly
compromised to achieve crash safety.” Back angles over 13 and high tangent angles 5 to 20° are
recommended in the Guide. (Influence of seat angles will be discussed later).

Flight crew seats are typically adjustable, to locate the eye position for any precenule body size at
the design eye point. ‘

COMMENT: Com fort and safety requirements may be in oppoeition, as is the case for the seat back
angle and for the rigid foam needed for energy absorption versus the soft foam desired for comfort.
Alternatively, discomfort may lead to erroneous adjustments.and improper use of the protective
designs. Accordingly, to some extent, & demgn may reflect trade-offs related to the unique
application.

DESIGN PRINCIPLES FOR SEATS

The Guide authors point out that seats face any direction, and that forward facing is most '

common, but prefer aftwa-d facing. Aft facing seats provide “maximum contact area and support.”
For forward fucinyg flight <ack seats, the authors also recommend a lap-belt tiedown (crotch) strap
for flight crewmen and consider lap-belt-only restraint undesirable; both upper and lower torso

restraints are recommended. They consider side-facing seats least desirable but suggest that when
. side-facing seats are used, an upper torso restraint resisting forward motion is needed. Ductile

materials (for energy absorpticn) featuring at least 10% elongation are recommended for all

critical members in the primary loa-} paths of nonload limited seats, and featunng at leaat 5%

elongation for loadlimited seats).
Seats
complicated energy abeorbing situations that may occur for muitiunit seats that are not fully

occupied. Guide authors considered it desirable that all seats face in the same du'vcuon to protect
occupants from locee eqmpment

For Army purposes, Guide authors state single occupant sests are preferred in order to avoid
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Aftward facing seats were preferred when practical, to “maximally distribute body contact area.
Forward facing seats were considered to afford “adequate protection by the use of a restraint
system consisting of shoulder strape, a lap-belt and a lap-belt tiedown (crotch) strap.” The authors
consider lap-belt-only restreints undesirable.

COMMENT: Many systems accept this configuration with an energy absorbing surrounding area.

Forward facing seats with adequate restraints are acceptable as a second choice to aftward facing
- seats. When single diagonal upper torso restraint is used, it should pass over the outboard shoulder
to contain lateral impact or protrusion outside the aircraft.

Previous side facing sests were provided with lap-beit restraint only. This arrangement was
considered by Guide authors to be inadequate, and least desirable from the crash safety
standpoint; however “when no reasonable alternative to their use exists, adequate restraint must .
be provided. If a single, diagonal upper torso restraint is used, it shc:!d be placed over the forward ~
facing shoulder” (relative to the aircraft).

Shoulder harness provides minimal protection to abrupt acceleration in the sxde facmg
configuration. Lateral torso movement should be minimized or prevented.

Litters

The supine position that litters provide is ideal for resisting vertical impacts. The supine poaition -
allows maximum posesible contact area and force distribution, and forces are transverse to body.

Lateral installation should be provided. It would prevent body from sliding off the litter
longitudinaily, and prevents the litter from sliding and/or repositioning to become completely
detached from supports.

STRUCTURAL CONNECTIONS

Seat Attachment — Cockpit seata are floor or bulkhead mounted. Cabin interior seats may be: (1)

suspended from the ceiling with energy absorbers and wall stabilized, (2) suspended from the ceiling

with energy sheorbers and floor stabilized, (3) wall mounted with energy absorbers, (4) floor

mounted with energy absorbers, or (5) ceiling and ﬂoor mounted (vertical energy lbsorben '
_ aboveand below the seat). T

Su-pennon or mount.mg of all seats should not murfen with npnd ingress or egress.

Hardware Materials — Materisl selected for attachment of webbmg should be ductile enough to

deform locally, purucuhrly at stress concentration points. This ductility is not as critical when |

, energy absorbing provisions are incorporated into the seat. On the other hand, consistent use of Cd

PR ductile materials avoids the poonbxhty of non ductile materials on nonload hmxt.ed seats. Selection 3

of materials should emphasize:

1. . Best strength-to-weight rqti&
. ‘ 2. anmmng ductility to'prevent-brittle failures

3. . Standard cluuc analysis/selection methods for most wo;-kmg life condmono

4. Behavior beyond the yield point ntulyood for energy nhnorpuon purpoeeo




RESTRAINT SYSTEMS
DESIGN PRINCIPLES FOR PERSONNEL RESTRAINT Sy i eMS

Statistics on U.S. Army aircreft accidents indicate failure of personnel restraint: harness as a frequent
cause of injuries and fataiities. From Volumes I and [II of the Guide, a crashworthy aircraft is to
“eliminate unnecessary injuries and fatalities in relatively mild impacts.” However, Volume Il also
states in a different context that the Arm.y goal for seat and restraint systems is to “reduce occupant
decelerative loading to within human tolerance limits,” that “ideally ... structure should minimize
occupant accelerations to survivable levels in a severe crash environment.” In other words, Army
policies in establishing design principles for personnel restraint systems are to prevent injury to all
occupants in crash conditions approacking the upper limits of survivability.

_ Belt and crotch strap remain the standard for U.S. Army flight crews by recommendation of the
authors of the updated guide (crotch straps are to oppose harness loads on the belt). Troop and
passenger requirements were different; the most recommended system was an inertial harness
over each shoulder connecting to a center-body lap-belt buckle, and secondly, a system with 2
diagonal shoulder-to-belt anchor strap positioned to restrain the occupant from protruding outside
the aircraft during lateral loading (similar to automotive systems).

Inflatable restraint belt and harness were described as a more complex and costly alternative that
will reduce restraint slack by automatically pretensioning the system to better control impact
response. Another related inflatable altematxve i8 air bags, which are conspicuous in their absence
from Guide diacussions.

Numerous human body restraint methods have been proposed, investigated and/or used; some are
“exceptionally good”, others “left much to be desired.” Desirable qualities are:

1. Comfortable light weight
2.  Easy to put on and remove even in the dark

3. Featurea smgle~pm_-:: release easily operated with exther hand, and protected from inadvertent
release, e.g., being st,ruck

4. Provide freedom of movement to operate the aircraft controls, e.g., through the use of an inertia
reel with the shculder harness

5. Provide sufficient restraint in all directions to prevent injury ina potentially survivable crash

6. Webbing should provide a maximum ares, consistent with weiglt and comfort, for force
' distribution in the upper torso and pel\nc regions and should be of low elonganon under load to
minimize dynamic ovenhoot. '

' GENERAL DESIGN CRITERIA

General desig criteria are as follows:
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1. Comfort should not be unduly compromised by crash survival systems or improper adjustment by
users is a likely outcome. Hardware should not contact bony portions of the torso, and assemblages
should be compatible with the desired location on the body. Webbing should not be so wide or stiff
as to restrict ventilation (or cause chaffing).

N 2. Emergency release should be based on a single-point release for the belt-harness combination,

operable by either hand with 20 to 30 pounds force and operable regardless of the occupant

position (e.g., upeide down). However, accidental opening should be prevented. The buckling

system should be insensitive to rotation and slight misalignments such as misaligned pins that
might shear in series. .

3. Lap-belt anchorages involve a series of constraints: a) It is desirable to anchor to the seat or the
anchorage must accommodate possible seat motion. b) Both forward anu vertical loading must be
accommodated. Submarining (i.e., slipping down through the lap belt) should be prevented.
However, the lap belt should not restrict freedom of leg motion for pilots. c) When necessary to
counteract the up loads of the harness, lap-belt tiedowns (i.e., crotch strape) should intercept the
seat pan (14 to 15 in. forward of the seat back). d). Adjustment hardware should carry at least the
same design loads as the webbing without slipping, crushing or potentially jamming the webbing. e)

_ Adjustment and release hardware must not be located over skeletal structure (e.g., lap-belt hardware

. over the iliac crests of the pelvis) and harnese hardware should ride as low on the chest as possible.

1 T. f) All materials should be ductile enough to defortn locally (with a recommended minimum elongation

& : value of 10%). '

-f- COMMENT: The influence of belt-harness angles are discussed on page 214.

4.  Seat structural connections: a) Criteria for bolts should continue as practiced (10 to 25% safety
margin and typical 0.25 inch diameter to avoid over-torque), and criteria for rivets and welds
should continue as practiced. b) Seat mountings may vary, including combinations of ceiling,
bulkhead .and floor, all using energy absorbers. Structural joints should permit angular
distortions. Similar principles and criteria apply for bulkhead mounted seats. ¢) Guide authors 1
preferred that restraints be anchored to the seats; the key factor is to permit seat deformation |
and associated energy abecrption to occur (which could be inhibited by anchoring harness to
the ﬂoor). and without looeening of the belt. ‘

5. Webbing and attachments: Restraint harness also could vary in required load capability,
" according to whether a load limiter is used. However, authors of the Army Guide suggest a
. standard, single strength interchangeable harness to avoid risk of a mix up in installation.
Minimal webbing elongation is proposed as necessary to avoid dynamic overshoot. It also
minimizes potential for secondary impacts; for this reason the Army renists energy abeorption
applicntiom. Added precautions are necessary where webbing is folded or bent at hardware
interfaces, in order to avoid compromising strength requirements, e.g., from coneentrated
loads or from wear. Energy absorbing webbmg is not' recommended for use in seating
systems. :

COMMENT: In compuu!r simulations done in the TARC .study, increase in belt strength and
onrrespording reduction in stretching resulted in a reducticn of “submarining tendency”, lumbar
compression and seat loads but an increase in restraint system loads and thorax loads. The study
showed (and personal communication with USAF AMRL confirmed) that a level of belt strength
exists beyond which further reductioa in stretch avails little benefit.
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6. Inertia reels are installed when full freedom of movement for the crewmember is desired.

a) Both impact sensitive and rate sensitive reels are used. Rate sensitive reels are preferred
by Army for helicopters and light fixed wing aircraft because of the multidirectional
possibilities for imr :ct, which may not trigger the impact sensitive system. b) Sometimes,
retractors or pow r haul-back features are also used. When used, powered haul-back
mechanisms are us - to retract slack (e.g., for seat ejection). However, automated haul-back
for crash restraint should be avoided, since the time lapse between triggering and haul-back
will result in an acded contribution to body loads (the sum of crash and retractor loads).
¢) Inflatalie systems act much faster than automated haul-back and have less take up
capability; thus tlie Army will consxder inflatable systems while rejecting automatic
haul-back.: ,

TYPES OF RESTRAINT SYSTEMS

Representative restraints used by the U.S. Army are presented in figure D-5.1 (a through e).
Configuration (a) is the “minimum acceptable” U.S. Army system. An improved lateral restraint
system is illustrated in (b), which adds more shoulder restraint againat sideways motion. In (c), a
crew chief/gunner restraint system provides for ability to move out of the seat but be instantly
restrained when he returns. Troop/passenger systems are illustrated in (d). An automatically
inflatable system is illustrated in (e); this one automatically pretensions to force the occupant back
into his' seat and eliminates potential for looseness and extended dynaraic response,
e.g., overshoot. ' '

RESTRAINT ANCHORS
Lap-Belt Anchorage

Lap-belt anchors may be on the seat bucket or on aircraft structure. Structural mounting must
assure that the restraint remains effective regardless of seat position. Structural attachment will
not be practical when the seat includes longitudinal load limiting. Lap-belt anchor location is also
considered a comfort factor; locating it too far forward interferes with movement of the legs. This
is considered important for pilots but not important to passengers smce they are not required to
perform operations with their legs.

By Army practice, submarining is considered to be prevented by a lapbelt tie down strap, by -
locating the belt 80 ita centerline falls 2 to 2.25 in. forward of the seat reference point, and/or by
assuring that the angle between the lap belt centerline and the buttock reference line is at least
45° (but not exceeding 55°) for a 50th percentile occupant (fig. D-5.2). The 45 to 55° angle has
_priority over the 2 to 2.25 in. iocation dimension. Submarining ¢an also be reduced by ensuring
that the lap belt is tight. ' ‘

COMMENT: Data on whxch these conclusions are based appear to be twofold. First, from practice, it
was long ago presumed that the belt should be anchored low and forward enough to keep it on the
pelvis, but sft far enough to keep the occupant from sliding forward off the seat — with 45 to 55° an
obvious solution as effecting the most direct compromise between the two (R.F. Chandler, SAFE

-Panel Discussion on Attendant Restraint Improvement Study, December, 1979, Las Vegas).

Another basis appears to have been selected from the data of figure D-5.3, although the referenced
sources do not particularly emphasize, for example, that some dummies are predisposed to
submarine, or that the only clear source of harness angle data (which thees data are from) is based
on a bandolier type shoulder harness (with twisting and compremsion confounded) and a seat with
extremely reclined seat back and seat bottom. Shoulder hameu criteria were also based on visual
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observation of slow motion film with no physical measurements to support conclusions regarding
vertebrae compression.

Shéuldér Harness Anchorage

The shoulder harness may be placed either on the seat back structure or on the basic aircraft
structure. Strap routing must avoid the possibility of interference or constraints from seat
adjustment or energy absorbing stroking. Additionally, the relationship of the harness angle to an
aft horizcntal tangent to the shoulder should be minimally effected by seat adjustments. The
position ¢f the Army Guide is that the aft, horizontal angle of the harness from the shoulder
should not exceed 30° up from the perpendicular to the seat back, and the intercept with the seat
back shou:d not be lower than 26 in. above the buttock reference line (figure D-5.2). Lateral
movement in the seat back guide for the harness should be restricted to 0.5 in. or less. -

. COMMENT: For lower load levels, a much wider range of angles may be possible; otherwise use of’

‘he same seats by men and women would require two harness systems. The result of systematically
varying seat belt and harness angles for a traditional “4 anchor” or “4 point” system (with a 9 G
crash pulse) is illustrated in figure D-5.4, based on the TARC 216-10 (ref. D-3) application of the
highly calibrated PROMETHEUS III model. Selected combinations showed submarining could be
controlled over a wider range than had been presumed as indicated by belt slip and pelvis rotation
for incipient submarining (2 in. and 27°, respectively, in the model). Additionally, there was no
marked influence on estimates of lumbar compression loads within the range of +40° for harness
angles and 25°/30° to 70° for belt angle (with broader ranges apparently feasible in some special
combinations). (Such data were for a horizontal seat pan and a vertical seat back.)

The TARC study also indicated that seat configuration (i.e., pan angle and kack angle) influences
restraint system performance. Figure D-5.5 illustrates the variation in performance with a

"“4-anchor” system as the seat pan and back angles are systematically altered through a range

of settings.

The TARC study also showed that changing restraint system design can have a marked influence
on restraint system effectiveness. Figure D-5.6 illustrates the change in retention performance
with different restraint systems configurations. As illustrated, alternative configurations can
provide marked retention improvements wit.h no change in anchorage and no significant penalties.

Lap-Belt Txedown (Crotch) Strep Anchorage ‘

This strap is to prevent ride-up of the belt when used. It should mtercept the seat pan centerline
14 to 15 in. forward of the seat back.

ADJUSTMENT HARDWARE

Ad}usters are to. carry the full design load of the subassembly of wkich they are part, without
alipping or crushing webbing. Required adjustment force should not exceed 30 ib Ad)usters are
not to be located over skeletal hard points (iliac crest of pelvis, collar bones). :

DELETHALIZATION OF COCKPIT AND CABIN INTERIORS

The main purpose of “delethalization” is to minimize potential for injuries that jeopardize
emergency evacuation. The kinematics of body action associated with aircraft crash impacts can be
violent, including flailing of body parts. The Army position is that this is severe with only a lap
belt as the restraint, but multxdu'ect.xonal flailing is still extensive with a lap-belt/shoulder
harness combination.
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COMMENT: i% re is little evidence that such dramatic multidimensional and injurious flailing of
the limbs occurs in large commercial airplanes. Reports suggest that if it occurs most such action
appears to be allied with the primary impact loading in the fore-and-aft direction, since there is
little cartwheeling or large lateral acceleration evidenced in large aircraft impact.

The occupants’ immediate environment should be designed so that injury potential is minimized if the
body parts flail and contact rigid or semirigid structures in the immediate environment. Alternatives
are to move the hazardous object (or structure) out of the flaii zone, mount it on frangible or energy
absorbing supports and/or apply a padding materlal to distribute contact force over a larger area on
the body member.

ENERGY ABSORPTION

Energy absorbing devices are introduced with the statement that the seat siructure must possess
either the capability of sustaining the maximum inertial forces imposed by the deceleration of the
occupant and seat, without collapsing{i.e., deforming or failing), or have sufficient energy absorption
capacity to reduce the ocvupant’s velocit to zero before structural failure occurs. The first
alternative could involve excessive streng:h (and weight) requirements to accommodate dynamic
overshoot factcrs of 1.2 to 2.0 (i.e., load factors to twice as large as design loads). The second
using controlled collapsing behaviors offers a more practical approach. It does offer the capability to
better control force levels relative to human tolerances. Of course, neither approach is totally
achievable.

COMMENT: Ultimatelv, design for any approach will be exceeded; there is no way to-assure ultimate -
survivability. Even the selection cf a 95th percentile crash was based on recognition of this fact.
Nevertheless, wording frequently overiooks this fact.

. CRASH ENERGY ABSORPTION

During crash loads, the occupant’s center of gravity acquires a distinct velocity relative to the
airframe. Maximum relative velocity may become large. In turn, the seat must sustain the applied
loads or possess sufficient energy absdrpticn capability to reduce the occupant’s relative velocity
before structural failure occurs. The Guide emphasizes the desire to obtain the greatest energy
absorbing stroke from tbe seat (for Army conditions with w-dely varied impact loads). This.
receives independent emphasis without regard to energy absorption from other system elements.
Increasing occupant stopping distance during a crash can reduce impact loads and thus i 1mprove

" tolerability levels for imposed decelerations. Methods mclude

1. Additional crvshable airframe structure ‘ '

2.  Energy-absorbing landing gear

3. Seat design with energy absorbmg mechamsm(s) (e.g., load limiting or controlled'
seat collapse) .

4. A combmatxon of the above
Common misconceptioris exist; related comments are:

1. The seat energy-sbeorbmg system doéa not abeorb all the enetgv associated with the
impact velccity.




2 The first comment also explains why slack in the restraint system or seat attachments is
undeairsble; added stroking to accommodate larger relative velocity will be required to
decelerate the occupant.

3.t .es .:energy abeorbing stroke simply lengthens the stopning distance of the occupant by
aLowing the seat to stroke as other energy abeorbing processes are nearing completion.

4. Disregarding dynamic response differences, the same stroke distance is required to
decelerate any mass at a given deceleration magnitude. Therefore, lighter people do not
require shorter strokes than heavier people (however, a different energy abeorption
characteristic is required).

COMMENT: Stroking must occcur in such a way as to minimize the poesibility of entrapment.
ENERGY AESORBING REQUIREMENTS FOR COCKPIT AND CABIN INTERIORS

Two categories of head impact injury are of primary concerz—akull fracture with potential brain
damaze, and facial tissue and bone structure injury with lesser probability of brain damage.
Penetration by protruding otjects is also of concern. Trauma from intercranial lesions is mentioned,
but without criteria other than to reduce level of acceleration, rate of onset and amount of energy
transmiitted to the head.

The Army position is that “acceleration experienced during secondary impacts of the occupant
with the surrounding structures must be reduced to a tolerahle level.” Padding material should
both reduce the decelerative force and distribute the load for uniform pressure. Candidates for
energy abeorbing include instrument panels, glareshieids, other interior surfaces within the strike
" zone, and seat, cushions.

Empirical System Response — Theoretical and empirical information is presented on dynamic
energy absorbing response, on empirical development of crashworthy armored seats, and on load
limit devices. Extensive discussion is not warranted for this abstracting summary. (A much
simpler caiculation ‘method based on handbook data is presented in the appendix D-A to this
present repoct)

ENERGY ABSORBING DEVICES

. As summamed for the Guide, & mutitude of devices for absorbing energy have been proposed,
developed and tuted Desirable features of ouch devices are:

1. The device should provide » pndicuble force-versus-deformution trace. |

2. The rapid loading rate expected in crashes nhould not cause unexpected changeo in the force-

versus-deformation chnnctemuc of the dmoe

3. The assembly in which the devwo is used -hould have the abnhty to sustain tension snd
compression. (This might be provided by one or mors energy absorbers, or by the Lasic
structuie xuel{ dependmg on the system dwgn)

4. The devwe -hould be as light and small as poseible.

5.  The Specific Energy Absorptivn (SEA) should be high.
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6. : The device should be economical.

7. The device'should be capable of being relied upon to perform satiafactorily throughout the
life of the aircraft (for Army, a minimum of 10 years or 8000 flight hours) without requmng
maintenance.

8. The device should not be affectéd by vibration, dust, dirt, or other environment effects. It
should be protected from corrosion.

9.  The device(s) should decelerate the occupant in the most efficient manner possivle while
maintaining the loading environment within the limits of human tolerance.

Numerous !oad limiters have been devised. The concepts are illustrated and described in figure
D-5.7. Body deceierations tend to normalze near the G level corresponding to the limit load factor of

- the energy absorbing device. An optimum device cannot be selected for all applications on the basis
~ of available data. Rather, the data of the figure presents concepts and guidelines which can be
considered relative to specific applications.

SEAT STRENGTH AND DEFORMATION DESIGN REQUIREMENTS

Design should be based on typical weight of the occupant, not the extreme weight. The restrictions
placed on crew seats, including stroke length, control access, and seat armor limit flexibility of
design options. The weight of combat gear is not included in Guide recommendations for crew
seats. Since the large majonty of flight hours are not in combat, it is probable that flight crew
members will also be lightly equipped. This minimizes another problem. If the full range of
weights were to be accommodated, a weight sensitive energy absorbing system would _become

mandatcry in order to protect the occupants over the full range of weizhts.

Occupant weights determiring the effective design loads for seats recommended design loads are
based on 5th through 95th percentile weights tor men, i.e., 144 through 222 Ib. for crewmem, with
112.6 to 175.2 Ib. vertical effective weight (effective weight reduces seat load considerations by
the amount of the occupant’s legs, which rest on the floor. As che authors pcint out, the ideal
situation would be to permit energy absorbing stroke length for the 35th percentile occupant using

_deceieration Limits based on the 5th percentile (who would load the system less and require more

yielding ductility, i.e., a lower yield, for the same load reduction capsbility). However, as they also
point out, comnromises must be made since the resulting needed stroke distance will not be
available in aircraft. A greater weight vanation exists for tmope and seats should be designed to
accommodate them. The 95th percentile should be considered heavxly clothed and the 5th
percentile lightly clothed.

COMMENT: A wide vaniation in occupant weight cannot be avoided in the commercial environment.
Strength |

The Guide authors consider that “an elastic aueai nnalyuin. as used in the design of sirframe and
aircrsft components subjected to normal flight loads, is inadequate for the study of all the

" structure in a crash situation ... the load carrying capacity of components deformed beyond the

elastic limit should be oonmdercd in determining the ultimate sest strength.”
Strength and Neformation

In'discussing this subject, Guide authors first point out that some etroking {or displaceﬁtent) will
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occur for all systems if they are to remein in place during deceleration loads. A minimum
displacement must be achieved if the system i3 to remain in place during a given acceleration
pulse. In other woxds, there is an inherent load deflection curve and travel limit envelope which
imposes definite limits on the ability of any system to resist impulse loading. Intentional load
limiting 13 thus the control of this deflection to make best use of the space available in order to
abeorb energy and to optimize the occupant’s capability to survive the loads imposed. Additionally,
structural joint deformation should be capable of large angular distortions in all directions without
failure, (e.g., bending moment between leg and sitting) including floor distortion and seat
pan distortion.

PADDING MATERIALS AND PROPERTIES

Plastic foams are considered by Army Guide authors as the most useful type of materials for energy
absorbing padding. Both slab and molded foams are practical, and they are considered by Guide
authors to permit selection evaluation based on processability; mechanical, thermal and chemical
properties; and cost. Characteristics of “suitable materials” include the following; representative
uses are identified in figure D-5.8.

1. Adaptability and ease of processing

2. Nontoxic fume generation

3. Favorable ﬂammabiljty rating

4. Minimal smoke generati;)n

5. Durability and long life

6. Cost competitive

7. Aesthetic

8. High energy dissipation

9. Effective load distribution '
10. Low rebound |
11.. Tempentu}e insensitivity
12. Léw wate; nboorptljon
13. Resistance to chemicals, oil, ultraviolet ;'adiotion. and sunlight

Additionally, relevant mechanical properties include:

1. Density 5. 'Compreuive modulus
2. Tenaile strength : , 6.  Flexural strength
3.  Tensile modulus - 4 7. Fléxunl modulus

4. Compressive strength
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Semirigid and flexible urethane foam

Aircraft, automobile, and furniture seat cushions,
safety padding, arm rests, sun visors, horn but-
tons, bedding, carpet underlay, packaging delicate
products.

. Polyvinylchloride foam

Crash padding in automobile head liners and sun
visors, flooring, shoe soles and heels, automo-
bile door panels, seating upholstery sealants,
gaskets, bumperstock.

Polystyrene foam
Insulation, packaging.

-Expanded rubber

Bus and subway seat cushions, truck and ship
mattresses, gaskets, hose insulation.

Polyester foam
Short-run, custom-type seat cushioning.

" Polyolefin foam

Packaging, gasketing, water sports equxpment. rug
underlay, athletic padding, antivibration padding.

Netxx Dot frem Army CS0G.

Figure D-5.8 - Energy Absorbing Plastic Foams and Some Typical Applications
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8. Tear strength } | 12. Rebound

9. Compiessioh set ' 13. -Hardness

. 10. Compression deflection 14. Impact

11. Elongation
APPLICATION OF PADDING MATERIAL AND DUCTILE MATERIALS

“In the absence of data for extrerlnity impacts, it is assumed that padding material that is suitable
for head impact protection is also suitable for protecting extremities.” Strike zone areas with radi

of “2 inches or less™ should be padded to s “minimum thickness of 0.75 inches”.

Ductile energy absorbing matenals and breaskaway panels should be used where possible.
Swearingen (ref. D-9) is cited as demonstrating “that at impact velocities of 30ft/sec against rigid
structure padded with materials even 6 in. thick, unconsciousness, concussion, and/or fatal head

" injuries will be produced. The Guide continues, “where possible, deformable structure and padding

material should be considered to absorb the impact energy and to adequately distribute the forces
over the face™ (fig. D-5.9).

COMMENT: Effecrtiveness of padding has been accepted as being adequate for 'esser thicknesses
in commercial aircraft. which aiso have lower G criteria. There is also a question as to whether the
same level of protection is needed for the extromities. From earlier Swearingen work, it was
concluded that covering a head impact surface with 1 in. of Koresesl, (since superseded by Enaolite
AH, or equivalent), would be considered to provide for delethalization.

SEAT CUSHIONS
Seat Cushions — General Requirements

Seat cushions should preclude body contact with seat structure while being light, tough (wear
resistant), easily replaced, comfortable, and ventilated 2nd provide flc:ation;. svhile minimizing
motion during crash loading and rebound after crash loading. For Army purposes,. load limiting
cushions were considered to be undesirable. Net-type cushions are usable if designed to limit
maximum deformation and return movement, and to control potential for submarining or dynamic
overshoot. F urniture type back cushions are acceptable; ﬁnally. a hud rest should be provided to -
provide whiplash protection.

' Dmect contact surfaces of the seat bottom and seat back “should be deaxgned for comfort and

durability.” However. “sufficient cushion thickness of the appropriste material stiffness should be
provided to preclude body contact with the seat structure when sibjected to either the specified
operational or crash loads. ... The conflicting reqmrements of long-term comfort- versus-craah
safety considerations have made this a difficult deongn area.” :

From comfort emphasio in the past, thick. soft cushions were used, spreading the load to avoid
buttock pressure points. Holes or forced air flow (or net cushions) provided for cooling.

COMMENT: However, the softness of such cushions permits s velocity build-up as the soft
material compresses farther. Build-up is rapid during initial loading then followed by a shorter
stopping distance duning the final stages of high deceleration loading — for a nonlinear stopping
characteristic that puts major decelerations over a much shorter distance. In order to minimize




Figure D-5.9 ~ Summary of Maximum Tolerable Impact Forces on a Padded Deformable

Surface ( Swearingen, 1965)
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‘impractical in

such initial motion, crash safety considerations require a minimal thickness of soft foam. One
approach uses a cushion base contour of a “universal” buttock configuration with foam layer(s)
added. Rate-sensitive (conforming, but hard to sudden impact) foam can be used on top of the base
to soften contact somewhat. For example, a thin layer of soft foam may be used on top for comfort
material and permit cooling air motion.
According to the Guide, seats of light movable weight (less than 30 Ib.) should use cushions for
comfort only. Maximum uncompressed thickaess should be 1.5 in. unless cushion design and
material properties produce a beneficial result in reduced transmnssxon of force. By Army criteria,
the optimum seat cushion will:

1. Be extremely light weight

2. Possess flotation capabilities

3. ' Be nonflammable

4. Be nuntoxic; will not give off fumes when burned, charred, or meited

5 Be tough ana wear resistant

6. Be easily changeable

7. Provide comfort by distributing the‘load and reducing or eliminating load concentrations

8. Provide thermal comfort through ventilation

9. Provide little or no rebound under crash loading .
10. Allow an absolute minimum of motion during crash loading
Energy Absorbing Cushions
Cushioning materials used to absorb energy include foams, horeycomb, and het-‘type cushions. “In
most cases, the back cushions will not play a significant role in crash dynamics; however, it will
influence comflort and can influence the injury tolerance of the spine.” Lumbar supports are

«.»sirable; a lumbar support that holds the lumbar spine forward slightly i increases tolerance to
vi-rtical spinal loads.

However, use of cushions per se as load limiters is undesirable. Resulting downward motion of the
added restraint hamess slack (when it is desirable to minimize same). Also “a

crushable cushion does not make optimum use of the availabie stroke distance,” since crushing
space is needed and cushions can be only 75% as efficient as a mechanical load limiter. They “are
tary and light fixed-wing aircraft because of the long stroke distance required 'n

attenuate the high vertical loads” required by Army criteria.

A 1.5-in. headrest should be provided for occupant head/neck whiplash protection from backward
flexure of the neck. “Cushioning can be provided by a this: pad and deformable headrest or a thicker
cushion on a more rigid headrest.” Results of the TARC study (ref. D-3) indicated that a less thick
headrest would be desirable to accommodate a full range of male and female population.




TEST..
Structural Subsystem Test Requirements

For Army systems, both static and dynamic tests of prototypes are recommended, including testing
of seat and litter systems as complete units. Component testing is to be used wherever possible.
Subsequently, tests are to include cushions in place, seats full up and full back (unless a more critical
‘position exists) and normal floor buckling and warping conditions set up for the most critical
impedance to seat stroking. Seat mounts should be actual aircraft hardware. Seat deformation
should be measured as near the seat reference point as is poesible. Subsequently, only quality
assurance testing is necessary uniess major structural changes occur. If desired, dynamic tests with
loading in all principal directions may be substituted for static tests. In static test, both unidirectional
and combined loading tests should be used, with test loads applied propomonately through a body
block restrained in the seat by the restraint system. Muitiple tests are specified, using the effective
weight of the 95th percentile male for all but the downward loading, which uses the effective weight
of the 50th percentile male. Multiple occupancy seats should be fully occupied when tested;
additional tests should be accomplished for other ad\_rerse conditions that are identified.

The authors’ discussion of static versus dynamic testing recommends that static tests be used
because real time obeervation is possible, structural response information is more comparable. to
typically used static analyses, and tests are more economical. However, all U.S. Army prototype
seats should be dynamically tested for two conditions, (1) downward at a 30° forward and
sideward tilt and, (2) forward at a2 30° side facing angle.

To reduce costs, special dynamic test conditions are permitted for seats having less than a 12-in.
stroke. First, the costly full-scale crash test is considered desirable. However, and secondly,
alternative dynamic testing of the seat only with a two stage pulse is acceptable, using a smaller
‘initial G plateau representing failure of the gear and incressing to a later higher G plateau
representing fuselage crushing. (Landing gear data to be based on results from drop test; fuselage
properties are t0 be determined by the most comprebensive and rigorous annlytwd techniques,
supported by test data).

Personnel Restraint Harness Tﬁﬁng

'Army requirements include static and dynamic test of restraints along with the structure to which
attached. Additionally, all components (webbing, tiedowns and hardware in the 'oad path) as well
as subassemblies should bo ttn‘t.iullyrtuted separately to verify strength and elongation.

Head Impact Test Procedures

 Head unpact test procedures are most often to use a head form equipped with an aeéglerbmeter
and to propel to impact with the surface to be evaluated via controlled drop, swing (pendulum) or

Standard Test Me*Sods for Energy Absorbing Foams

Among tests used yrom ASTM D 1564-71 (Standard Methods of Testing Flexible Cellular Materials
— Slab Urethane Foam) are both load deflection and conipression set. Numerous tests for various
possible applications are defined. For “reasonable survival potential for head impacts as velocities
up to 20 ft/sec with a padding thickness between 1.5 and 2.0 in, ..."acceleration of tlie head should
not exceed 60 G and sufficient material must be crushed to redneo the head velocity from

20 ftisec to O ft/sec in the’ pmea- of absorbing the head kinetic energy of approxnmtcly'

60 to 90 ft-Ib.”
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Evaluation criteria for load distributing applications involves the assumptions that “A load
distributing pad should permit the face to penetrate the surface easily, then maintain a cushioning
layer of foam between the base and the underlying structure during collapse of the
understructure.” In terms of energy absorbing efficiency, Rusch (ref D-10) i cited as stating:

1. “Energy abeorbing characteristics of a brittle foam are superior to those of a ductile fdam,

- 2. “The optimum energy absorbing foam has a large cell size, a narrow cell size distribution, and

minimum number of reinforcing membranes between the cells; and

3. "Foani composites offer no significant advantage over a single foam.”




APPENDIX D-A

Two topics vrelat.ed' to crash pulses are discussed herein. The discussion turns on the relationship
8 = vI"*, where v is the velocity content of the pulse (the pulse is assumed to stop an object with initial
velocity v), T* is the time coordinate of the centroid of the pulse, and s is the stopping distance. The
above formula is convenient to apply since the centroids of standard pulse shapes (e.g., triangles,
trapezoids, sinusoids) are tabulated in engineering handbooks. The relationship reduces the
problem of solving the dxfferenhal equations of motion to the simpler geometric problem of computing
. T'
The topics are: discussion of errors in the estimation a = v2/2s, where a is the average pulse
acceleration and v and s are as defined above; and a simplified method for computing energy
absorber stroke requirements. _
. Before discussing the topics of interest the relationship s = vT* will be derived.
Derivation of s = vI*
. Let a(t), x(t) and x(t) denote the position, velocity and acceleration of t.he vehicle as functions of time.
Asdsume that an acceleration pulse x(t) of duration T is given. Further,
| x(0) = €, x(T) =5, ¥(0) = v, X(T) = 0.

(..., the vehicle crashes with initial velocity v, coming to rest in time T and distance s).
We can write from basic defimtxons

t .
'im=v+f X(r)dr , (1

) t t' ' . ’ v
x(1) =J (v +f X (1) dr)dt’ N 03
e o ‘ . A

From equation (1),
. T .
X(T)=0=v +f ‘(7 )dr, ot

[+]
f x(r) dr = -y _ , ‘ 3)
o L ' ‘ o ' '
‘ Integnti&n of equation (2) by parts-ard imposition of the réquirement that x(T) = 8 gives _

T
x(T)*s» ~J tx(t) dt ' (4)
. o . ' - .




Now define T* as the time coordinate of the centroid of the area under the deceleration curve — that

18,
: T | T '
(T:: f ('x.(t)dt)/(f 'x’(:)du) (5

o o}

Subetitutiqn of equations (3) and (4) into equaﬁon (5) gives
T# = (=s)/(=v) = s/v, Q.E.D.

Errors in the estimation formula a = v2/2s

If the crash impact velocity v and stopping distance s can be determined; the Guide recommends -
the following formula for estimating the average crash deceleration a;

2s ' | (©)

If the crash pulse is in actuality skewed so that the majority of the acceleration occurs early in the
crash, equation (6) overestimates the magnitude of a. To see why this is so, consider two aircraft
crashes represented by the two trirngular deceleration pulses shown in figure D-A.1. The pulses
have the same average deceleration (v/T) as well as equal duration, equal magnitude, and equal area
(the area represents the impact velocity v). The aircraft in the first crash will stop in a shorter distance
(s) than the sircraft in the second, because the deceleration is applied more quickly. Thus,
equation (1) would incorrectly predict a larger average deceleration for the first crash than for
the second. »

The correct relationship requires knowledge of the pulse shape. To derive the relationship, first
note that the true average acceleration a is given by

a=-v/T, (7

where T is the pulse duration. o ' ' . -

The relationship

vT*/s=1

. was derived in the preceding section. Thus

234

a==(v/T)1) = (v/T)vT*/s),




Acceleration

Crash Pulse

Area = -v

*
T N

Time

Area centroid

In this example, T /(T) = .85,
so a = .85(v%/2s)
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which can be rearranged to read

a==T*/(T/2) (v¥/2s). ar

The implication is that when the deceleration pulse is shaped so that the majority of the deceleration
occurs in the first half of the pulse, i.e., T* < T/2, equation (b) overestimates the average

deceleration a, while if most of the deceleration occurs in the second half, i.e., T* > T/2, then
equation (6) underestimates a. Equation (6) is accurate only when the centroid T* occurs in mid-

. pulse — that is, when T* = T/2. Figure D-A.2 illustrates equation (8).

. Equation (8) can be used to bounu ilic error in equation (6). For exampie, the centroid of a

trapezoidal pulse of duration T mus* fall between (1/3)T and (2/3)T. Equation (8) shows that the
maximum error inkerent in equatic:; (6) for a triangular or trapezoidal pulse is 33%, that is,

2/3(v2/2s) s a s 4/3(v2/2s).

Estimating Energy Absorber Stroke Requirements

The function of aa ¢nergy absorber is to reduce the peak loads experienced by a passenger. As a
result »f energy absorber performance, the crash pulse experienced by the pussenger has a

. different shape than. the pulse at the floor. The difference in pulse shape causes a differential in
_ stopping distance between the passenger and floor, which is achieved by deformation of the energy

abecrber and is termed the energy absorber stroke.

The energy absorber may be regarded as a filter which modifies the shape of the deceleration
pulse. The stroke distance can be related to this filtering action in a simple, geometric way.

The stopping distance s is related to the pﬁlse shape by the formula

s=vyT*

where v is the velocxty at impact and T* is the time coordinate of the centrmd of the dieeleratxon
pulse. The energy absorber stroke teqmrement is

stroke = S5 =8 = v(Ty*- T*) - . o 9

where the subscripts 1 and 2 refer respectivsly to the floor and passenger. The required stroke is
the initial velocity multiplied by the center of gravxty shift caused by modxfimhon of the slmpe of the
deceleration pulse.
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Pulse 1

v = area = 32.2 ft/sec

322 ft/sec/sec J.
(10 G) :
Stopping distance s = 2.68 ft

)

I

Acceleration

v2/25 = 32.22/(2'2.68) = 193 ft/sec/sec '(E:E
a = 322°0.2/2 = 161 ft/sec/sec = 5 G

0 50ms - 200 ms
Time

v = area = 32.2 ft/sec : J

322 ft/sec/sec 4
(10 G)

r Stopping distance s = 3.22 ft ’1

o1

Acceleration

v2r2s = 32.22/(2°3.22) = 161 ft/secssec -(Ej
a  322°0,2/2 = 161 ft/sec/sec = 56

0 100 ms 200 ms
Time ‘
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Equation (9) gives an intuitive view of energy absorber performance. For example, equation (9) car
be applied to compute the stroke distanée required by a simple load limiter under a triangularv
pulse (figure D-A.3). From geometric considerations,

v =at

vT,‘ =yt = “2
vT2'=(2/3)kuk"'at/2)*(kt+I;‘:)kaT (13)

where T is calculated from

v=ar= kzal/Z*kaT' ‘ ()

Equation (11)i8 us.d to eliminate T from equations (10), and the stroke is ccmputed by subtracting

equations (10). The formula,

stroke = vT5% = vT | * =at* (k324 + k2 + 12k - 1), Sa

is easily obtained. This dén'vation is simpler than the derivation in the Guide based on integration
of the acceleration pulses. '




ACCELERATION

SLOPE = a/t

SYMMETRIC FLOOR PULSE

cg SHIFT (AT®)

/— PASSENGER PULSE

TLA- =/
ka A‘;CO
T’z :
) \
kt ‘ \
t t i

TIME
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